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Abstract
Since their first commercialization in the early 1990s, lithium-ion batteries (LIBs) have been
widely used in portable devices, electric vehicles (EVs), and hybrid electric vehicles (HEVs),
revolutionizing our way of life. Compared to other battery systems such as nickel-cadmium,
nickel-metal hydride, and lead-acid batteries, LIBs are unique in their ability to provide high
energy density, high output potential, low self-discharge, and to function over a wide working
temperature, as well as many other features. The 2019 Nobel Prize in Chemistry was awarded
for the development of LIBs, further recognizing the success of LIB commercialization.
However, existing commercial LIBs are the current limitation for the rapid development of
both EVs and HEVs due to their limited energy densities. Considering that cathode material
accounts for the high weight and cost in state-of-the-art LIBs, replacing these materials with
cheaper and higher-energy-density candidates is the key to improving battery energy density.
In this regard, high-voltage spinel LiNi0.5Mn1.5O4 (LNMO) is the most promising cathode
material to replace current LiCoO2 in the next-generation high-energy-density LIBs. The Cofree LNMO spinel owns a series of advantages over other candidates, including high energy
density and high operating voltage, relatively low-cost to the Co-containing counterparts, good
thermal stability, high ionic conductivity, etc. However, the rapid capacity decay of LNMO
cathode during battery cycling severely hinders its wide application and potential
commercialization. Corresponding modification strategies are in urgent need to improve the
electrochemical performance of LNMO material.
It is well known that the particle morphology of battery materials significantly influences its
electrochemical performance. In this thesis work, systematical investigations into the
relationship between LNMO particle morphology and battery performance were carried out,
by using a series of edge-cutting techniques, such as transmission electron microscopy,
V
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synchrotron-based X-ray powder diffraction, density functional theory calculations, etc. It is
found that the hybrid sphere-nanorod-like micro-nanostructured LNMO possesses excellent
cycling performance, with a capacity of over 107.8 mAh g-1 after 1000 cycles at 10 C and
superior rate capability up to 10 C. The superior rate capability is found to originate from the
large Li-O bond length, which contributes to decreased charge transfer resistance and ease of
Li insertion/extraction at tetrahedral sites. Meanwhile, the excellent cycling stability comes
from its having the least structural deformation from mechanistic reactions, which involve the
longest solid-solution reaction, the highest spinel structural tolerance/stability up to Δ = ~0.69
Li, and a highly reversible two-phase reaction during charge and discharge in the hybrid LNMO.
Additionally, the newly-formed surface planes (210) in hybrid LNMO is calculated to own the
highest Mn defect formation energy, prohibiting Mn3+ disproportionation and further
stabilizing its cycling stability.
In addition to particle morphology control, successful structural modification on the spinel
structure was carried out in this doctoral research, where a strategy to dope Mg into LNMO
that site-selectively targets both 8a and 16c crystallographic sites within the Fd3̅m structure
through a facile solid-state reaction was proposed. The underlying chemistry- and structurefunction of Mg-doped LNMO was explored in detail. Mg dopants, selectively residing at 8a
and 16c sites, change the way how LNMO responses to the lithium intercalation and deintercalation during charge-discharge processes. The addition of Mg ions at such sites
significantly prohibits the partially-irreversible two-phase behaviour of LNMO, mitigates
against the dissolution of transition metals, thus preventing the formation of the undesirable
rock-salt phase and reducing the Jahn-Teller distortion and voltage polarization, consequently
offering the extraordinary structure stability and cycling performance to LNMO. The modified
LNMO exhibits excellent extended-long-term electrochemical performance, retaining ~86 %
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and ~87 % of initial capacity after 1500 cycles at 1 C and 2200 cycles at 10 C, respectively, in
half cell configuration.
To further increase the electrode capacity and battery energy density, site-accurate structural
engineering is proposed in this thesis work. Specifically, Sb dopants were introduced into the
16c and 16d sites of the Fd3̅m structure for the first time. The two-site modification of the
spinel structure acts as structural pillars, contributing to superior structural stability. In addition,
the octahedral changes of Mn-containing octahedron caused by valence evolution of Mn during
cycling are significantly relieved by the site-accurate structural engineering. The detrimental
Mn dissolution, which is commonly observed in Mn-based cathodes, is also reduced by the
two-site modification. Accordingly, benefiting from these improvements, the Sb-doped LNMO
could deliver as high as 99% of its theoretical specific capacity together with a high energy
density of 668.9 Wh kg-1 at 1 C (1 C = 147 mA g-1). Moreover, 87.6% (127.4 mAh g-1) and
86.5% (578.5 Wh kg-1) of its initial capacity and energy density could be maintained,
respectively, after 1500 extended long-term cycles. The extraordinary electrode capacity and
energy density of the site-accurate doped LNMO is reported for the first time and demonstrates
their great commercial potential.
In order to accelerate the commercialization of LNMO, systematic investigations into the
LNMO-containing full battery with the Li4Ti5O12 (LTO) counter electrodes were performed,
by using in operando neutron powder diffraction and electrochemical characterizations. In this
thesis work, AlF3 coating was applied to the surface of LTO particles. It is found that the AlF3
coating along with parasitic Al doping slightly increases capacity and greatly increases rate
capability of the LTO electrode, as well as significantly reducing capacity loss on cycling,
facilitating a gradual increase in capacity during the first 50 cycles. In operando neutron
powder diffraction reveals a structural response of the LTO and LNMO electrodes consistent
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with greater availability of lithium in the battery containing AlF3-coated LTO. Further, the AlF3
coating increases the rate of the structural response of the LNMO electrode during charge,
suggesting faster delithiation, and enhanced Li diffusion.
In conclusion, based on this thesis work, high-performance LNMO electrode for the nextgeneration high-energy-density LIBs could be achieved through both particle morphology
control and atomic-scale structural engineering. Moreover, the full-cell study in this doctoral
work also reveals new insights into the mechanism of battery performance enhancement.
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Chapter 1

Chapter 1: Introduction
1.1 General background and working mechanism of LIBs
In recent decades, the overuse of the nonrenewable fossil energy around the world has resulted
in a series of environmental issues, including global warming and acid rain, causing great
concerns to explore other alternative energy sources to solve these issues and relieve the energy
crisis as well.1-3 In this regard, the sustainable and environmentally benignant solar energy,
wind energy, and tide energy have attracted extensive attention recently.3 However, the
intermittent power supply of these mentioned energy sources restricts their further application
to a great extent, where highly-efficient energy storage devices (ESDs) are in urgent need to
be paired with harvesting system to store the generated energy, shift the peaks, and ensure the
steady supply.3 The lithium-ion battery (LIB) has become the most promising ESD, compared
to other systems of nickel-cadmium, nickel-metal hydride, and lead-acid batteries because of
its high energy density, high output potential, low self-discharge, as well as functioning over a
wide working temperature.4 Currently, LIBs are ubiquitous in our everyday life, powering
portable electronics, electric vehicles, and hybrid electric vehicles. Considering the significant
technological revolution brought about by LIBs, the 2019 Nobel Prize in Chemistry was
awarded to Prof. John B. Goodenough, Prof. M. Stanley Whittingham, and Prof. Akira Yoshino
for their invaluable contribution to the development of LIBs.
Current commercial LIBs are composed of graphite anodes, LiCoO2 cathodes, organic
electrolyte, current collectors (Cu and Al for anodes and cathodes, respectively), and battery
casings. The working mechanism is schematically shown in Figure 1.1,5 where the involved
electrochemical reactions in each electrode are listed as follows:

1

Chapter 1

Figure 1.1 Schematic of the configuration of rechargeable LIBs.5
When charging, the external voltage is applied across both electrodes, forcing the Li+ ions to
be extracted from the layered LiCoO2 cathode material, diffuse through the electrolyte and
insert into the graphite anode. During this progress, positive active material experiences a series
of phase evolution (from LiCoO2 to Li-poor phase Li1-xCoO2) and lattice parameter changes to
accommodate the lithium loss of the structure, meanwhile, at the anode side, Li+ ions start to
intercalate into the layers of graphite, initiating the two-phase reactions from graphite to
intermediate phase (LiC12, for instance), and finally to the LiC6 phase.6 Metal ions in the lithium
metal oxide cathode get oxidized and free electrons are produced to keep electric neutrality,
travelling from cathode side to anode side through wires to participate in the cathodic
electrochemical reaction. When it comes to discharging process, the electrochemical reactions
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react in the reverse direction with metal ions reduced and electrons moving from anode to
cathode in the open circuit, which supplies power for the electric devices.
Unfortunately, due to their limited energy densities, current LIBs fail to meet the everincreasing demands of both the industry and society.7 It is well known that the performance
limitation in existing LIB technology is undoubtedly the cathodes, with new materials
possessing both higher capacity and average working voltage required to further improve
battery energy densities.8 In addition to the high-energy-densities, superior rate capability of
new cathode material is also desired, which could make the batteries capable of the high-power
applications. Last but not least, the candidates should also own the features of low fabrication
cost, long battery life, good thermal stability, environmental benignity, etc.

1.2 Brief introduction of different cathode materials for LIBs
To date, the most promising cathode candidates in the next-generation high-energy-density
LIBs could be divided into three main types, i.e. layered oxides, spinel oxides and polyanion
oxides (Figure 1.2).9 Other candidates, such as fluorides, sulfur-based cathodes, etc. have also
attracted global attention, but there is still a long way to go before their future
commercialization.10
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Figure 1.2 Typical cathode materials for LIBs, including (a) layered oxides (TM stands for
transition metal), (b) spinel oxides (the structure of LiMn2O4 shown as representative), and (c)
polyanion oxides (the structure of LiFePO4 shown as representative). The red spheres in all
structures stand for oxygen.
1.2.1 Layered oxides
The layered-type cathodes with a general chemical formula of LiTMO2 (TM represents 3d
transition metal, including Co, Ni, Mn, or the mixture of them, etc.) exhibit the typical α‐
NaFeO2‐type structure and R3̅m space group symmetry,11 as schematically shown in Figure
1.2a. In this structure, Li, TM, and O occupy the 3a, 3b and 6c Wyckoff sites of the R3̅m
structure, respectively.11 Obviously, Li and TM ions reside in different layers of the structure,
namely Li layers and TM layers, thus making them layered oxides. Layered cathodes are
known to own a 2D Li diffusion pathway during charge/discharge. The typical layered battery
materials

include

LiCoO2,

LiNiO2,

LiMnO2,

LiNi1/3Mn1/3Co1/3O2

(NMC111),

LiNi0.8Mn0.1Co0.1O2 (NMC811), LiNi0.6Mn0.2Co0.2O2 (NMC622), LiNi0.8Co0.15Al0.05O2 (NCA),
etc.
Recently, a new type of Li-rich layered cathode materials (Li1+xTM1-xO2) has attracted
increasing attention around the world, due to their high specific capacities of ~280 - 310 mAh
g-1 and astounding energy density up to ~900 Wh kg-1, where the excess Li replaces some TM
ions in the TM layer of the structure.12 Unfortunately, despite their appealing electrochemical
properties, the issues of low initial coulombic efficiency, inferior rate ability, and rapid
capacity/voltage decay during cycling still hamper their further application.13
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1.2.2 Spinel oxides
Spinel cathode material for battery application was first reported by Hunter et al. in 1981.14
The general formula of spinel cathodes could be written as A[B2]O4, where the closely-packed
O ions constitute the cubic structure, with A and B occupying the 1/8 tetrahedral and 1/2
octahedral interstitial sites of the structure.15 Taking LiMn2O4 as a representative of spinel
cathodes (Figure 1.2b), Li and Mn ions reside at the tetrahedral (8a) and octahedral (16d) sites
of the Fd3̅m structure, respectively, where the edge-sharing Mn-containing octahedrons build
up a 3D diffusion pathway for the extraction/insertion of Li+ ions during charge/discharge.15
Since the LiMn2O4 cathode suffers rapid capacity during cycling and could only deliver a
relatively low energy density of around 490 Wh kg-1, a series of the derivatives have been
developed to improve the electrochemical performance, of which the most promising one is
undoubtedly the well-known 5V spinel LiNi0.5Mn1.5O4 (LNMO).4 Different from the electrode
capacity derived from the Mn3+/Mn4+ redox couples (4.1V vs. Li) in LiMn2O4 spinel, LNMO
owns the electrochemically active Ni2+/Ni4+ (~4.7V vs. Li) redox species, contributing to a high
energy density of ~650 Wh kg-1.4 Additionally, the Co-free properties of LNMO material also
lowers the fabrication cost of the batteries significantly. Accordingly, in recent years intensive
efforts have been paid to the LNMO studies and its potential commercialization.4, 16, 17
1.2.3 Polyanion oxides
In addition to the layered and spinel oxides, polyanion oxides have also been well investigated
as cathode materials for LIBs, of which the most famous one is the olivine-type LiFePO4
material first reported by Goodenough et al.18 Olivine LiFePO4 shows an orthorhombic
structure composed of FeO6 octahedrons, PO4 tetrahedrons and LiO6 octahedrons (Figure 1.2c).
Fe and P share the 4c Wyckoff site of the Pnma structure, while Li and O reside at the 4a and
8d sites, respectively.19,

20

Additionally, the PO4 tetrahedrons and corner-shared FeO6
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octahedrons within the structure form a 1D diffusion channel parallel to the b axis for lithium
transportation during the charge/discharge processes. Remarkably, LiFePO4 cathodes own
superior thermal and structural stabilities over other cathode candidates. However, the issues
of poor electronic and ionic conductivities need to be well solved to ensure its wide
application.19

1.3 Thesis goals
In this doctoral work, the main goal is to develop low-cost and high-performance LIB cathode
materials for the next-generation high-energy-density LIBs. The promising high-voltage and
Co-free LNMO spinel is chosen as the research focus, due to its great potential to replace the
current LiCoO2. An investigation into the mechanistic behaviours of LNMO is needed to figure
out the origin of rapid capacity fade that happens in LNMO. Meanwhile, another goal of this
work is to build up a clear and systematical structure-function and chemistry-function
relationship in LNMO via a series of cutting-edge materials characterization techniques, such
as in operando synchrotron-based X-ray powder diffraction, in operando neutron powder
diffraction (NPD), X-ray absorption spectroscopy (XAS), scanning transmission electron
microscopy (STEM), etc. Last but not least, efficient solutions would be proposed based on the
obtained structure/chemistry-function relationship to solve the corresponding issues of LNMO
and to obtain high-performance battery materials.

1.4 Thesis outline
To develop high-energy-density and long-cycle-life spinel LNMO material for next-generation
LIBs, a series of research efforts has been carried out in this work, which includes particle
morphology control and structure modification/engineering of LNMO. Additionally, to further

6

Chapter 1
promote the future commercialization of LNMO, the issues of LNMO-containing full batteries
with different counter electrodes have also been investigated. The structure of this doctoral
thesis is briefly outlined below:
Chapter 1 introduces the general background and working mechanism of LIBs and illustrates
different types of common LIB cathode materials, of which the high-voltage spinel LNMO
cathode has been chosen as the research focus.
Chapter 2 provides an exclusive and systematical literature review regarding the high-voltage
LNMO. The existing issues in LNMO together with the corresponding modification methods
reported in the literature have been summarized. Besides, different full battery prototypes have
been proposed alongside their facing challenges.
Chapter 3 introduces the synthesis details of the spinel active materials, and the structural
investigation and electrochemical characterization techniques employed in this work.
Chapter 4 presents the morphological control on the LNMO particles, where the hybrid
sphere-nanorod-like micro-nanostructured LNMO exhibits excellent cycling performance and
superior rate capability. The significantly improved electrochemical performance of the micronanostructured LNMO could be ascribed to the large Li-O bond of the spinel material leading
to the decreased charge transfer resistance and ease of Li insertion/extraction at tetrahedral sites,
and minor structural deformation from mechanistic reactions at the same time.
Chapter 5 proposes site-selective doped LNMO active materials with exceptional durability.
In this study, Mg dopants, selectively residing at 8a tetrahedral and 16c octahedral sites of
Fd3̅m structure, change the way LNMO responds to lithium intercalation and de-intercalation
during charge-discharge processes. The addition of Mg ions at such sites significantly prohibits
the partially-irreversible two-phase behaviour of LNMO, mitigates against the dissolution of
transition metals, thus preventing the formation of the undesirable rock-salt phase and reducing
7
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the Jahn-Teller distortion and voltage polarization, consequently offering the extraordinary
structure stability and cycling performance to LNMO.
Chapter 6 presents the successful site-accurate structural engineering of spinel LNMO to solve
the issues of both low electrode capacity and hazardous Mn dissolution, where Sb dopants
residing at the 16c and 16d octahedral sites of the Fd3̅m structure act as structural pillars,
transform the hazardous two-phase behaviour to the desirable solid-solution reaction at high
voltage (above 4.7 vs. Li, corresponding to the Ni3+/Ni4+ redox couple), and weaken the
octahedral changes caused by valence evolution of Mn during cycling. The Sb-doped LNMO
material could deliver as high as 99% of its theoretical specific capacity together with a high
energy density of 668.9 Wh kg-1 at 1 C (1 C = 147 mA g-1). Moreover, 87.6% (127.4 mAh g-1)
and 86.5% (578.5 Wh kg-1) of its initial capacity and energy density could be maintained,
respectively, after 1500 extended-long-term cycles.
Chapter 7 focuses on full-cell investigations, where the effects of AlF3 coated Li4Ti5O12 on
the performance and function of the LiNi0.5Mn1.5O4//Li4Ti5O12 full battery have been
investigated by the in operando neutron powder diffraction. It is found that the AlF3 coating
along with parasitic Al doping slightly increases capacity and greatly increases rate capability
of the LTO electrode, as well as significantly reducing capacity loss on cycling, facilitating a
gradual increase in capacity during the first 50 cycles. In operando NPD study reveals a
structural response of the LTO and LNMO electrodes consistent with greater availability of
lithium in the battery containing AlF3-coated LTO. Further, the coating increases the rate of
the structural response of the LNMO electrode during charge, suggesting faster delithiation,
and enhanced Li diffusion within the full batteries.
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Chapter 8 summarizes the overall work in this doctoral thesis and proposes some prospects
for the development of high-voltage spinel LNMO in the next-generation high-energy-density
LIBs.
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Chapter 2: Literature review
This chapter is adapted from the article named “Developing high-voltage spinel
LiNi0.5Mn1.5O4 cathodes for high-energy-density lithium-ion batteries: current achievements
and future prospects” (by Gemeng Liang et al., J. Mater. Chem. A 2020, 8, 15373-15398)
with permission from the Royal Society of Chemistry.
Nowadays, the widespread use of Co in commercial LiCoO2 and its derivatives, including
LiNixMnyCo1-x-yO2 and LiNixCoyAl1-x-yO2 , has led to a significant increase in LIB cost, with
the Co price increasing from US$ 26 500 per ton in September 2016 to US$ 94 250 per ton in
March 2018.21 Further, the low abundance of Co in the Earth's crust as well as its intrinsic
toxicity reduces the competitiveness of Co-containing materials.
Among the Co-free electrode materials, spinel LNMO is the most promising candidate, due to
its high energy density of 650 Wh kg-1, which is 162.5% and 131.3% higher than that of
LiMn2O4 and LiFePO4, respectively,8 arising from its high operating voltage of ~4.7 V vs. Li.
Moreover, high-voltage LNMO spinel has fast lithium diffusion as a result of its threedimensional channels, high electronic conductivity, good thermal stability, and minor JahnTeller distortion effects during use, all of which contribute to its promise as a replacement for
LiCoO2 in the next-generation of high energy-density LIBs.6 However, the LNMO spinel
material suffers from a series of issues during LIB operation, such as rapid capacity decay
leading to short battery life, and electrolyte decomposition as a result of the high operating
voltage.16, 22 Intense research has been focused on the modification of LNMO to increase its
electrochemical performance, with tremendous progress made in recent years.16,

17

In this

literature review section, the structural and chemical properties of LNMO and its modifications
are discussed, summarizing progress as well as remaining issues which limit battery
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performance. To promote the practical application of LNMO as an electrode material in LIBs,
research progress implementing LNMO in full-configuration batteries are also reviewed.

2.1 LNMO structure and characterization method
2.1.1 Average crystal structure and electrochemical behaviour of LNMO
Generally speaking, LNMO crystallizes into two different cubic structures (Figure 2.1a and
2.1b), including a face-centred phase with the space group of Fd3̅m and a primitive simple
cubic structure with P4332 space group symmetry.6 The key difference between these two
structures lies in the transition metal (Ni or Mn) location. In the Fd3̅m phase, Ni and Mn ions
share the 16d octahedral interstitial site, with Li and O located at 8a and 32e sites, respectively,
known as the disordered phase.23 In the P4332 structure, Ni and Mn are located at 4b and 12d
octahedral sites, respectively, with this phase known as the ordered phase. Li+ ions reside at
8a tetrahedral sites and O ions at 8c and 24e sites within the ordered phase LNMO.23 The cation
ordering in LNMO is greatly influenced by sintering temperature, where the ordered phase
forms when the calcination temperature is at around 700 ℃ and the structure becomes
disordered at higher calcination temperature.22 The high temperature of the disordered phase
formation also induces oxygen loss, making disordered phase LNMO off-stoichiometric
(LiNi0.5Mn1.5O4-x) with partial reduction of Mn4+ to Mn3+ to maintain electrical neutrality.24
The existence of Mn3+ in disordered LNMO is thought to reduce the activation energy for
electron transport, contributing to its higher electronic conductivity (up to 2.5 orders of
magnitude) than the ordered phase.25 Various approaches have been employed to synthesize
LNMO, including solid-state method, co-precipitation method, sol-gel method, molten salt
method, spray drying, electrospinning technique, etc.26, 27 The solid-state method is the most
common among all the approaches due to its simplicity and relatively low facility-requirements,
which involves mixing the precursors with a stoichiometric ratio by grounding or ball milling
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and subsequent heat treatment in a furnace. However, its disadvantages include uncontrollable
particle growth, active material agglomeration, inhomogeneous particle-size distribution, and
so on.28 In comparison, the co-precipitation method could achieve atomic-level elemental
mixing and control the particle size and morphology. The experimental requirements, such as
pH value, could be rigid to obtain the precipitates.27 The other synthetic approaches, including
molten salt method, spray drying, etc., generally incur high fabrication cost that reduce their
competitiveness.

Figure 2.1 Schematic structures of (a) disordered and (b) ordered LNMO29; charge and
discharge curves of (c) disordered and (d) ordered LNMO30; (e) in operando neutron powder
diffraction data of the disordered LNMO 222 reflection during charging and discharging31; (f)
lattice parameter evolution of ordered LNMO as a function of charge capacity.32
The electrochemical behaviours of ordered and disordered LNMO also differ, with typical
charge/discharge curves of both LNMOs displayed in Figure 2.1c and 2.1d. The
electrochemical curves of disordered LNMO show a minor plateau at around 4.0 V, which
corresponds to the Mn3+/Mn4+ redox couple.30, 33 Two main consecutive peaks at approximately
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4.6 and 4.8 V arise from the redox couples Ni2+/Ni3+ and Ni3+/Ni4+, respectively. In comparison,
no distinguishable plateau at 4.0 V is found in the charge/discharge curves of ordered LNMO,
indicating negligible Mn3+ in the spinel structure. Further, the Ni plateaus merge into a single
long flat plateau at 4.7 V with no obvious break between the Ni2+/Ni3+ and Ni3+/Ni4+ redox
couples.
Battery electrochemical reactions during functioning are usually associated with the phase
transformation and structural evolution of the active material within batteries. In disordered
LixNi0.5Mn1.5O4, the spinel suffers a solid-solution (one-phase) reaction at the range of 0.5 < x
< 1, which corresponds to the Ni2+/Ni3+ redox couples. When x is below 0.5, the disordered
phase experiences a two-phase reaction between Li0.5Ni0.5Mn1.5O4 and rock-salt Ni0.25Mn0.75O2
(NMO), which corresponds to the Ni3+/Ni4+ redox couples.31 The peak shift at the start and
subsequent new-peak occurrence before the end of charge in Figure 2.1e further confirm this.
However, the ordered LixNi0.5Mn1.5O4 spinel suffers two-phase reactions at the whole range (0
< x < 1) during the electrochemical process, corresponding to the phase evolutions between
LiNi0.5Mn1.5O4/Li0.5Ni0.5Mn1.5O4 and Li0.5Ni0.5Mn1.5O4/Ni0.5Mn1.5O4, as shown by the lattice
parameter evolution of ordered LNMO in Figure 2.1f.32 Notably, a solid-solution reaction, also
known as a single-phase reaction, refers to that the parental lattice experiences the size change
upon lithium insertion and extraction, where the two-phase reaction refers to that the original
lattice undergoes structure destruction and turns into another form of structure. The nucleation
and growth and grain boundary movement, which occurred in the two-phase reaction, will limit
the kinetics of the lithiation and delithiation processes. Therefore, it is generally accepted that
the disordered LNMO exhibits better structural stability during the electrochemical process.6,
34
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2.1.2 Characterization of cation ordering in LNMO
The degree of cation ordering in LNMO profoundly influences its electrochemical performance,
and characterization of the cation ordering is therefore crucially important to understand the
electrochemical behaviour in the interest of improving capacity retention during cycling.35, 36
Laboratory-based X-ray powder diffraction (XRPD) is commonly used to characterize LNMO
phase composition and crystallographic details,37 with typical patterns of the ordered and
disordered LNMO phases displayed in Figure 2.2a, noting that oxygen loss in disordered
LNMO may result in an impurity phase. XRPD data of ordered phase LNMO is characterized
by additional low-intensity peaks (marked with arrows) as a result of the lower symmetry.16, 38
Unfortunately, because X-rays interact with electrons and Ni and Mn have similar atomic
numbers,6 XRPD data of the two LNMO phases appear almost the same, making XRPD unable
to distinguish them clearly. In this regard, neutron powder diffraction (NPD) is a more effective
tool in the evaluation of LNMO structure as a result of the interaction between neutrons and
atomic nuclei.6, 8, 39-41 Neutron scattering lengths are independent of atomic number, making
NPD uniquely sensitive to light elements (for example, Li) in the presence of heavier ones and
to elements with similar electron numbers, such as Ni, Mn, and Co.6, 40 In LNMO, Li, Ni, Mn,
and O have neutron scattering lengths of -1.90, 10.3, -3.73, and 5.803 fm (1 fm = 10-15 m),
respectively. Simulated NPD data of ordered and disordered LNMO are shown in Figure 2.2b,
with these exhibiting substantial differences, illustrating NPD as a powerful tool for
characterizing cationic ordering in LNMO. In addition to the average structure methods such
as XRPD and NPD, the details of local structure of the high voltage spinel have been
investigated using pair distribution function (PDF) analysis,42, 43 through which the disordered
LNMO is shown to consist of nano domains of Ni/Mn ordering, rather than the random
distribution of Ni/Mn at octahedral crystallographic sites.
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Raman and Fourier-transform infrared (FTIR) spectroscopy are used to investigate the local
structure of the material of interest and also applied to LNMO to investigate cation ordering in
the spinel structure.29, 44-46 The Raman and FTIR spectra of LNMO phases are displayed in
Figure 2.2c and 2.2d. More features in the Raman spectrum of ordered LNMO are observed
relative to the disordered phase spectrum as a result of Ni/Mn ordering. The peak in the FTIR
spectrum of LNMO at around 636 cm-1 is attributed to Mn-O stretching, whilst peaks at
approximately 496 cm-1 and 399 cm-1 correspond to Ni2+-O stretching.46 Additional features
such as those at 221 and 241 cm-1 arise from high cation ordering in the spinel. Generally, the
624 cm-1 Mn-O band decreases, and the 588 cm-1 Ni-O band increases in intensity with
increasing cation ordering,22, 46, 47 enabling semi-quantitative determination of cation ordering
in LNMO. Peaks at 429, 464, and 646 cm-1 are also characteristics of ordered LNMO and
absent in the disordered LNMO spectrum.46 A combination of Raman, FTIR, and diffraction
methods are therefore useful in the determination of structure and cation ordering in LNMO,
easing further researches and developments.
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Figure 2.2 (a) XRPD data of ordered and disordered LNMO16; (b) simulated NPD data of
ordered and disordered LNMO41; (c) Raman and (d) FTIR spectra of ordered and disordered
LNMO46; (e) first discharge profiles of high disordered spinel (HDS), disordered spinel (DS),
annealed disordered spinel (ADS), and highly ordered spinel (HOS)36; (f) relationship between
Mn3+ calculated from magnetic data and Mn3+ calculated from electrochemical data48.
In addition to the techniques mentioned above, other characterization methods such as
electrochemical36 and magnetic property measurements48, 49 are also employed to determine
cation ordering in LNMO. For example, Lee et al.36 reported a pair of electrochemical redox
plateaus at ~2.7 and ~2.0 V that corresponds to the insertion of Li+ ions into 16c octahedral
sites (Figure 2.2e) when discharging below 3.0 V. Specifically, a longer plateau at 2.7 V and
a shorter plateau at 2.0 V is an indication of a high-level of cation ordering. In addition,
Moorhead-Rosenberg et al.48 revealed that the magnetic moment and Curie temperature are
closely associated with the concentration of Mn3+ and cation ordering in LNMO, where the
saturation magnetization and Curie temperature increase with cation ordering (Figure 2.2f). It
should be noted that a wider voltage window (4.9 - 2.0 V) offers a larger capacity (> 250 mAh
g-1), but greatly reduces the average working potential and structural stability during the cycling.
Therefore, to maintain the high-voltage advantage of LNMO, most research considers only the
first half of the voltage window (i.e. 4.9 - 3.5 V).

2.2 LNMO issues and their origin
Rapid capacity fade and short cycle life are the main drawback of spinel LNMO, as a result of
bulk structural and surface chemical instability, as well as a lack of suitable electrolyte for highvoltage operation, hindering the commercialization and further application of LNMO.17, 22
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2.2.1 Bulk and surface instability
It is widely accepted that capacity decay normally occurs during two-phase reactions, where
the formation of Li-rich and Li-poor domains in an electrode material induces undesirable intergrain stress, phase boundary movement, and particle pulverization.34 Our previous work
investigated the structure-function relation of ordered LNMO,50 where capacity decay during
battery function was found to be directly proportional to the maximal change of the lattice
parameter (Figure 2.3a) and octahedral distortion.
Surface instability of LNMO also contributes to rapid capacity decay, which usually involves
the parasitic dissolution of transition metals, particularly Mn, into the electrolyte during
cycling.17 As a result of oxygen loss during high-temperature sintering, Mn4+ is partially
reduced to Mn3+ in LNMO to maintain charge neutrality, however, Mn3+ suffers
disproportionation in the reaction 2Mn3+ Mn4+ + Mn2+ that produces soluble Mn2+ into the
organic electrolyte.51,

52

Worse still, the loss of Mn leads to further structural instability,

accelerating capacity fade. Lin et al.53 studied LNMO during cycling using aberrationcorrected scanning transmission electron microscopy (STEM) and found that a Mn3O4 spinel
structure formed at the surface of the LNMO particle during electrochemical cycling (Figure
2.3b) as a result of Mn migration into the tetrahedral Li sites. The Mn3O4 is reported to be
soluble in the electrolyte,54 further worsening Mn loss and compromising structural integrity.
Also, Mn dissolution is closely correlated with the operating temperature, and LNMO exhibits
faster capacity decay above 60 ℃ due to increased diffusion of Mn.55
2.2.2 Electrode/electrolyte interphase instability and electrolyte decomposition
The electrolyte in LIBs carries charges and is critical to LIB function.55 Its thermodynamic
stability is controlled by the difference between the Fermi energy of the working electrode and
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the highest occupied molecular orbital (HOMO)/lowest unoccupied molecular orbital (LUMO)
of the electrolyte (Figure 2.3c).56 For cathode materials, the electrochemical potential below
the HOMO of the electrolyte normally leads to electrolyte oxidation, forming a cathodeelectrolyte interphase (CEI) layer on the electrode material, while that of anode material above
the LUMO usually results in electrolyte reduction and the formation of solid-electrolyte
interphase (SEI) layer on the particle surface.56,

57

Conventional LIBs normally employ

ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), or a mixture
of them as electrolyte solvents. The HOMO level of the solvents calculated from density
functional theory (DFT) is shown in Figure 2.3d, where the addition of electrolyte-salt anions
raises the HOMO levels of the electrolyte, reducing the thermodynamic stability of the
electrolyte against electrochemical oxidation. Although DFT results indicate that the
electrolyte solvent could be thermodynamically stable below the electrochemical potential of
5.5 V vs. Li, experimental studies demonstrate that carbonate solvents suffer from oxidation
above 4.5 V vs. Li,58-61 likely as a result of impurities and additives in the electrolyte and solvent.
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Figure 2.3 (a) Lattice evolution of LNMO in as-assembled and cycled batteries50; (b) STEM
image of LNMO surface after first discharge along with the line profiles53; (c) schematic of
energy versus density of state and (d) calculated reduction and oxidation energy of common
electrolyte solvents and solvated salts56.
Accordingly, the high operating plateau of the LNMO spinel (~4.7 V vs. Li) inevitably leads
to electrolyte oxidation and a thick CEI layer on the surface of active material particles during
cycling. For example, Yang et al.61 investigated the voltage-dependent electrochemical
reaction of the commercial electrolyte system (1 M LiPF6 in EC/DEC/DMC (1/1/1 volume))
during electrochemical cycling of LNMO using X-ray photoelectron spectroscopy (XPS) and
FTIR spectroscopy. During high-voltage cycling, EC suffered oxidative polymerization and
formed a poly(ethylene carbonate) (PEC)-rich CEI layer on the surface of the particles. Besides,
Browning et al.62 determined the thickness of the CEI layer on LNMO using neutron
reflectometry, where a dense 3.1 nm thick fluorine- and phosphorus-rich CEI layer was
observed to form on the LNMO surface at 4.75 V, with the layer composition changing with
charging. On the other hand, a thin and stable sulphur-based CEI layer was reported to form on
LNMO

with

the

tetramethylene

sulfone-based

electrolyte

combined

with

lithium

bis(fluorosulfonyl)imide (LiFSI).63 Unfortunately, the formation mechanism of the CEI layer in
different electrolytes and on dissimilar electrode materials’ surface can be significantly
distinctive and complicated.
Furthermore, LNMO-containing batteries also suffer severe self-discharge at high voltage,
which originates from delithiated active material catalyzing the organic electrolyte to
decompose at CEI,64-66 resulting in the power-supply failure of the charged batteries after long
storage. During self-discharge, electrolyte breaks down to produce Li+, and subsequently Li+
inserts in the delithiated active material, causing the reduction of Mn4+ and Ni4+ in the structure.
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As a result, severe Mn dissolution occurs, further deteriorating the battery performance.
Various strategies have been adopted to relieve the battery self-discharge at high voltage, which
mainly includes surface engineering on electrode64 and electrolyte stabilization at high
voltage.66 Although the operation of the LNMO spinel at high voltage contributes to the
improved energy densities of the battery, insufficient attention has been paid to the safety issues
of the functioning batteries at high voltage. Firstly, during battery functioning, the continual
dissolution of transition metals from the cathode side and deposition on the anode side could
result in internal short circuits of the batteries and cause severe safety concerns. Besides, gas
evolution is also observed in LNMO-containing batteries during high-voltage regions, which
could lead to battery swelling or even explosion at the end.67, 68 Lastly, the thermal stability of
LIBs at such high voltage is also a major parameter of safety considerations.69, 70 The increasing
battery temperature during the cycling process could give rise to several exothermic reactions,
which include active material decomposition, electrolyte oxidation, etc., eventually leading to
a thermal runaway.69 The thermal characteristics of the active materials could be used to access
the thermal stability or safety of the battery. Additionally, the thermal stability of the active
material varies with its state of charge (SOC). At 100% SOC, the materials show the poorest
stability as the energy of the full charged LIBs is in a saturated state. 70 More detailed
investigation into this aspect should be carried out in the future to further promote the
commercialization of LNMO.

2.3 LNMO modification
The approaches taken to solve LNMO performance issues can be categorized into four types:
particle morphology control, elemental doping, surface engineering, and electrolyte
modification.
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2.3.1 Particle morphology control
It is well known that the particle size of active materials affects the electrochemical
performance, where smaller particles have a short diffusion path for Li+ ions and superior
battery performance, making nano-sizing prevalent in battery research.71-73 To date, various
nano-structures of LNMO have been reported, including nano-particles, nano-rods, nano-fibres,
and nanoplates (Figure 2.4a).74-78 Shaju et al.79 synthesized nano-sized LNMO through a onepot resorcinol-formaldehyde synthesis. The disordered nano LNMO produced up to 129 and
118 mAh g-1 at 10 and 20 C (1 C = 147 mA g-1), respectively. Compared to zero-dimensional
architectures, one-dimensional designs such as nanorods and nanofibers are more promising
architectures to optimize LNMO performance as a result of the short ion diffusion length and
large surface area ensuring sufficient contact between electrode and electrolyte, as well as
offering interconnected ion diffusion pathways within the active material and accommodating
strains.80 For example, Zhao et al.76 prepared LNMO nanorods by using MnO2 nanorods as an
Mn source, with these exhibiting better electrochemical performance than LNMO obtained by
conventional solid-state reaction. Electrospinning has also been widely used in battery research
to fabricate one-dimensional structures.81 Considering that the long sintering of LNMO at high
temperature would destroy electrospun fibres, Xu et al.77 developed a heating procedure to
produce LNMO nanofibers with a diameter as thin as 50 nm. The synthesized LNMO
nanofibers delivered an initial discharge capacity of 130 mAh g-1 at 27 mAh g-1 between 3.5
and 4.8 V. Moreover, two-dimensional nanostructures of LNMO have also been shown to
possess good electrochemical performance, with Yang et al.78 preparing 80-100 nm LNMO
nanoplates through a hydrothermal method and subsequent solid-state reaction. The LNMO
nanoplates exhibited superior rate capability (120.9 mAh g-1 at 40 C) and excellent cycle
stability, delivering reversible capacities of 128.2 mAh g-1 over 1000 cycles at 1 C,
corresponding to a capacity retention of 86.4%. The enhanced electrochemical performance
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was attributed to a shortened diffusion pathway for Li+ ions and an amorphous Li2CO3
nanolayer formed on the surface of the LNMO nanoplates.

Figure 2.4 (a) Reported nanostructures of the LNMO spinel, including (i) nanoparticles 79; (ii)
nanorods29; (iii) nanofibers81; and (iv) nanoplates78; (b) reported microstructures of spinel
LNMO, including (i) microsphere82; (ii) microcube83; (iii) octahedra and (iv) truncated
octahedra84; (c) hybrid nano-micro structures of LNMO29; (d) schematic representation of an
octahedron with (111) facets and a truncated octahedron with a newly-formed (100) facet85.
Despite the improved rate capability of LNMO achieved by nanostructuring, aggravated side
reactions of the electrode/electrolyte interphase are induced as a result of the high specific
surface area of these structures,82 shifting LNMO research to the micron-size (Figure 2.4b). It
is known that the isotropy of spherical electrode materials avoids inter-particle strain,
improving structure stability during cycling. Liu et al.86 used a simple co-precipitation method
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to prepare LNMO microspheres with excellent electrochemical stability, maintaining 95.6% of
initial capacity (133.3 mAh g-1) after 300 cycles at 0.2 C. Zhu et al.82 synthesized porous
LNMO microspheres through solvothermal reaction and subsequent solid-state reaction, and
tuned porosity through the source of lithium. LNMO microspheres with larger pores produced
101.7 mAh g-1 at 50 C compared to 14.3 mAh g-1 of the conventional material, probably as a
result of the reduced SEI of particles and lower specific surface area. Moreover, Zhou et al.83
prepared hollow LNMO microspheres through an impregnation method followed by solid-state
reaction, with these delivering excellent cycling stability and rate capability. Liu et al.87
synthesized spherical LNMO with a core-shell structure by a urea-assisted hydrothermal
method and subsequent heat treatment, where concentration gradient in the core-shell LNMO
contributed to improved electrochemical performance. Apart from microspheres, highperformance LNMO micro cubes, octahedra, and truncated octahedra have been also
reported.83, 85, 88 Notably, a combination of both nano and microstructures is also shown to
enhance battery performance (Figure 2.4c), with Liu et al.29 reporting a hybrid microspherenanorod-like LNMO produced through a one-pot hydrothermal-calcination method. The
hybrid-morphology LNMO suffered minor structural deformation from mechanistic reactions,
delivered an extraordinarily long solid-solution reaction, and experienced a highly reversible
two-phase reaction during cycling, with a reversible capacity as high as 107.8 mAh g-1 for 1000
cycles at 10 C. In a word, we note that tap density, which is closely related to the volumetric
density of the battery, should also be considered when optimizing particle shape, size, and
distribution, in order to achieve efficient occupation of space and contribute to a high
volumetric density.89
At the same time, the surface orientation of the LNMO particles also plays a crucial role in the
lithium-ion diffusion kinetics, transition metal dissolution, and electrode/electrolyte
compatibility within the batteries.17, 35 It is widely accepted that LNMO particles with (111)
23

Chapter 2
surface orientation usually show better electrochemical performance than those with other
surface orientations when the remaining parameters of the particles are identical.35, 75, 85, 90 For
example, Sun et al.75 reported urchin-like LNMO particles with superior battery performance
and they ascribed the excellent cycling stability to the dominant exposed (111) facets in the
structure. One of the reasons for the superiority of (111) planes is the high Li diffusion through
this direction. Hai et al.90 compared the diffusion kinetics in (111)-faceted LNMO octahedra
and (112)-faceted plates with a similar average particle size of 2 µm, showing that Li+ diffusion
across the (111) facet is two orders of magnitude higher than that across the (112), regardless
of the Li concentration in the spinel. Moreover, Manthiram et al.35, 85 insisted that the (111)
planes could relieve the side reactions at the electrode/electrolyte interphase at high operating
voltages due to their characteristics of having the most dense ion arrangement, lowest surface
energy, and least Mn dissolution in the LNMO structure, thus contributing to a satisfactorily
stable battery performance (Figure 2.4d). However, a significant divergence regarding this still
exists among different groups.84,

88

Li et al.84 reported truncated LNMO octahedra with

preferred growth of (100) facets, which showed incredibly excellent electrochemical cycling
stability (90% capacity retention after 2000 cycles at 1 C). They attributed the extraordinary
battery performance to the suppression offered by (100) facets against the side reactions with
the organic electrolyte. We note that the electrochemical performance of LNMO is influenced
by multiple factors, thus resulting in difficulties in exploring the exact effect due to crystal
orientation. To draw a convincing conclusion, comparisons need to be carefully made to ensure
that the crystal orientation is the only variable in the system, and more efforts are still needed.
Last but not least, special attention has been paid to the composition distribution of the cations
within the LNMO particles.91, 92 Concentration-gradient design is commonly utilized in the
cathode materials in LIBs to alleviate fast capacity fade of the active materials.91-93 For instance,
Sun et al.93 prepared Li[Ni0.72Co0.18Mn0.10]O2 layered cathodes with an Mn-concentration24
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gradient shell. The gradually increasing contents of the tetravalent Mn in the shell contributed
to the enhanced cycling and thermal stability of the cathode. Successful application of this
strategy in the high-voltage LNMO spinels has also been reported. For instance, Lian et al.91
prepared a heterostructured LNMO material with the composition of LiNi0.35Mn1.65O4−δ
(featuring Fd3̅m space group symmetry) and LiNi0.5Mn1.5O4 (ordered phase of P4332 space
group) in the bulk and surface layers, respectively. The shell of ordered LiNi0.5Mn1.5O4 offered
high structural and electrochemical stability, while the inner LiNi0.35Mn1.65O4−δ contributed to
the enhancement of the battery capacity and rate capability. At the same time, the similarity
between the lattice structures of the shell and inner core avoided an interface between them,
thus improving the integrity of the material. This heterostructured LNMO exhibited excellent
cycling stability, maintaining 96.5% of its initial capacity (145.1 mAh g-1) after 300 cycles at
1 C, and remarkable rate capability, delivering 144.3 mAh g-1 at 10 C. Moreover, Wen et al.92
encapsulated the LNMO core in a thin concentration-gradient shell, where the Ni concentration
was reduced and the Mg content increased toward the outer layer of the particle. It was found
that this thin layer could prevent the dissolution behaviour of the transition metal and relieve
the side reactions with the electrolyte during the cycling process.
2.3.2 Elemental doping
Foreign element doping is one of the most popular modification methods to solve the issues of
inferior cycle stability and poor rate capability in electrode materials for LIBs, due to its
operational simplicity and low facility-requirement.22 There are numerous reports of doped
LNMOs with a significantly improved electrochemical performance every year, where
according to the type of the dopants, doping research on LNMO could be divided into metalion element doping and non-metal element doping.
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1) Metal elemental doping
The mainstream of doping studies in spinel LNMO is undoubtedly the metal element doping,
which mainly includes Na+, Mg2+, Al3+, Ti4+, Cr3+, Fe3+, Zn2+, Co3+, etc.94-112
Sodium (Na), one of the alkali metals, has the advantages of low cost, abundant reserves, and
good environmental benignity, making it a popular dopant in various electrode materials, such
as NMC, LiFePO4, etc.113, 114 Wang et al.95 synthesized Na-doped LNMO material in a series
of doping concentrations through a solid-state method (Figure 2.5a). It was found that Na
substitution in the spinel not only decreased the particle size and cation ordering of LNMO,
but also contributed to two extra electron hopping paths corresponding to improved charge
transfer capability, which increased the Li diffusion coefficient and mitigated the voltage
polarization during charge/discharge processes. The optimized doped LNMO with 5% Na
could exhibit a superior rate performance, delivering capacities of 121, 118.5, 108.4, and 101.3
mAh g-1 at 0.2, 1, 5, and 10 C, respectively, with non-obvious contributions from the
Mn4+/Mn3+ redox couple. Recently, Liang et al.94 further explored the effects of Na substitution
on LNMO. They confirmed the enhanced rate capability of LNMO offered by Na dopants and
revealed the inferior structural stability of the doped spinel framework as a result of the Na
dopants replacing Li at 8a tetrahedral sites of Fd3̅m and forcing part of the Li to migrate to 16c
octahedral sites of Fd3̅m.
The reported dopants in spinel LNMO, which belong to the alkaline-earth metals, mainly
include magnesium (Mg) and strontium (Sr).96-98, 115 The Mg ion, a low-cost and abundant
dopant, has been intensively studied for the modification of LNMO, where several key findings
revealed that Mg substitution could not only enhance the electronic conductivity of the spinel,
thus contributing to improved electrochemical reaction kinetics, but also significantly reduced
the voltage polarization during charge/discharge processes.96-98 Shiu et al.97 prepared Mg-

26

Chapter 2
doped LNMO through a spray pyrolysis method and with the aid of XRPD and NPD Rietveld
refinement, they found that Mg substitution on Ni sites could increase the lattice parameter of
the spinel structure and reduce the electrochemically-inactive rock-salt phase of the material.
Moreover, it was also revealed that the weight ratio of the ordered phase with P4332 space
group increased with an elevated doping concentration. More recently, Liu et al.98 synthesized
Mg gradient-doped LNMO with improved battery performance that featured reversible
capacities of 121and 91 mAh g-1 at 0.1 and 4.0 C, respectively (Figure 2.5b). The Mg-rich
surface layer of the modified LNMO was found to play an important part in decreasing the side
reactions with the electrolyte, reducing the total resistance within the battery, promoting Li
diffusion, and increasing the material’s thermal stability. Our recent work116 employed a series
of techniques (XPS, STEM, soft X-ray absorption spectroscopy, joint refinement of XRPD and
NPD, etc.), and revealed for the first time that in the Mg-doped LNMO, Mg dopants located in
the 8a tetrahedral sites and 16c octahedral sites of the Fd3̅m spinel structure, which could
prevent the partially-irreversible two-phase reaction of LNMO during Ni3+/Ni4+ redox couples,
minimize the dissolution of transition metals, and reduce the Jahn-Teller distortion and voltage
polarization, thus offering extraordinary structure stability and cycling performance to LNMO.
Compared to Mg substitution, little attention has been paid to the Sr dopants. Liang et al.115
predicted the effects of Sr substitution in spinel LNMO using first principle calculations in the
generalized gradient approximation and indicated that Sr doping would result in elongated LiO bonds in the structure and would strengthen the covalence of metal-oxygen bonds, thus
facilitating Li movement during charge/discharge and ensuring the structural stability of the
spinel. However, relevant experimental studies should be performed to further confirm these
findings.
Aluminium (Al) dopants have been widely utilized in battery electrode modifications due to its
abundance in Earth’s crust, as well as low cost and nontoxicity.99,
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synthesized undoped LNMO and different Al-substituted LNMOs (Li0.95Ni0.45Mn1.5Al0.05O4,
LiNi0.475Mn1.475Al0.05O4, and Li1.05Ni0.5Mn1.45Al0.05O4) via thermopolymerization and
systematically investigated the effects of the substitutions of Ni or/and Mn in spinel LNMO.
They concluded that Al doping could contribute to the structural variation of spinel LNMO and
enhance the cycling stability and rate capability of the spinel. Interestingly, the difference
between substitutions of Ni and Mn was also observed, where substitutions of Ni in LNMO
resulted in higher capacities at room temperature but quicker capacity decay at 55 ℃, whilst
those of Mn led to better cycling stability at 55 ℃. Recently, Piao et al.117 employed the atomic
layer deposition (ALD) technique and a solid reaction process to achieve Al doping in the
surface layer of LNMO (Figure 2.5c). The aberration-corrected scanning transmission electron
microscopy high-angle annular dark-field (STEM HAADF) results showed that surface Al
dopants occupy the previously-empty 16c octahedral sites of the Fd3̅m structure, which was
proved to be beneficial to prevent the dissolution behaviour of the transition metals,
maintaining superior Li diffusion kinetics during cycling, and relieving the side reactions with
the electrolyte. Gallium (Ga), a congener of Al, also has aroused the wide interest among
battery researchers.118-120 For instance, Manthiram et al.120 reported a Ga-doped LNMO with
an excellent electrochemical performance at both room temperature and elevated temperature
(55 °C). They found that during the sintering process, the electrochemically-inactive Ga3+ ions
tended to segregate into the outer layer of the LNMO particle, thus contributing to a robust and
stable interface with the electrolyte and a more stabilized spinel structure with high cation
disorder as well.
Because their d orbitals are not fully occupied, transition metal dopants have been utilized as a
powerful tool to tailor the physical and chemical properties of the active materials in chargeable
batteries. To the best of our knowledge, the reported transition metal dopants mainly include
Co3+, Fe3+, Cr3+, Cu2+, Zn2+, Ti4+, V5+, Zr4+, Nb5+, Mo6+, Ru4+, W5+, etc.101-103, 105, 106, 110, 112, 121,
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To avoid significant distortion in the spinel structure, dopants near Ni and Mn in the periodic

table, including Co3+, Fe3+, and Cr3+, are thought to be promising.
Ito et al.103 studied the influence of Co substitution for Ni and Mn and found that Co doping in
LNMO could lead to a phase transformation from P4332 to Fd3̅m as a result of more cation
disorder, and oxygen loss in the structure, as well as improved lithium diffusion kinetics within
the active materials. Besides, Wang et al.102 reported that Co doping in LNMO could reduce
the undesirable rock-salt phase and induce more Mn3+ as well in spinel LNMO, thus
contributing to an enhanced rate capability. Recently, Mao et al.101 employed a
polyvinylpyrrolidone-combustion

method

to

synthesize

Co-doped

LNMO

(LiCo0.1Ni0.45Mn1.45O4). They found that Co doping could lead to a decrease in the particle size
of LNMO, thus increasing the Li diffusion coefficient by 1-2 times compared to that of
undoped LNMO at most states of charge. The Co-doped LNMO exhibited excellent cycling
stability, maintaining 94.1% of its initial capacity at 1 C with columbic efficiency around 99.84%
during cycling (Figure 2.5d).
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Figure 2.5 (a) Cycling performance of Na-doped and undoped LNMO at 1 C95; (b)
electrochemical performance of Mg-doped LNMO and undoped LNMO at 0.5 C98; (c) cycling
performance of Al-doped and undoped LNMO at 0.1 C117; (d) comparison of the cycling
performance of Co-doped LNMO and undoped LNMO at 1 C101; (e) electrochemical
performance comparison of undoped and different-Fe-concentration-doped LNMO123; (f)
cycling performance of Cr-doped and undoped LNMO at 1 C124; (g) electrochemical
performance of undoped LNMO and surface-Ti-doped LNMO with different dopant
concentrations at 0.5 C109; (h) cycling performance of undoped and V-doped LNMO at the
current density of 0.8 mA cm-2.125 (i) electrochemical performance of Cu-doped and undoped
LNMO110; (j) comparison of electrochemical performance of undoped LNMO and surface Zndoped LNMO at 0.1C126; (k) cycling performance of undoped and Si-doped LNMOs at 1 C127;
(l) electrochemical performance of undoped LNMO and P-doped LNMO with different doping
concentrations at 3 C.128

Iron (Fe, mainly Fe3+) is regarded as one of the most promising dopants in LNMO due to its
abundant resources in the Earth’s crust, low cost, and stability in air.123, 129 Manthiram et al.123
investigated Fe-substituted high-voltage spinel LNMO, which delivered significantly better
cycling stability and rate capability than its undoped counterpart (Figure 2.5e). They reported
that Fe doping in LNMO could relieve the continual formation of the CEI due to the Fe-rich
and Ni-deficient surfaces of the particles, and boost the production of Mn3+ in the spinel as
well, consequently reducing the voltage polarization during cycling and improving the
electronic conductivity of the active material. In addition, the introduction of Fe dopants also
led to a more cation-disordered structure, thus enhancing the structural stability of the spinel.
The thermal stability of LNMO is also crucially important to its battery safety characteristics.
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The thermal decomposition (i. e. oxygen release) of LNMO is reported to be related to the
migration of transition metals from octahedral sites to tetrahedral sites during heating.129 Hu et
al.129 employed Fe dopants to suppress the transition metal movement during the
electrochemical processes. The optimized LiNi0.33Mn1.33Fe0.33O4 spinel not only delivered high
energy density, but also exhibited much better thermal stability compared to its undoped
counterpart with no obvious oxygen release even when the heating temperature reached as high
as 500 ℃.
Cr is also reported to be effective for optimizing the battery performance of LNMO. For
instance, Park et al.106 prepared Cr-doped LNMO through a sol-gel method. Based on their
investigations, Cr substitution could result in the improvement of the chemical reaction kinetics,
with a more stabilized structure due to the high oxygen affinity of Cr, as well as a wide plateau
during lithiation and delithiation processes. Recently, the effects of Cr doping in LNMO were
further explored by Wang et al.124 They showed that the optimized Cr-doped LNMO
(LiNi0.45Cr0.1Mn1.45O4) could be used as a super-long cycle-life cathode material with a wide
range of operating temperature (Figure 2.5f). The significant performance improvement could
be ascribed to the reduction of the rock salt phase, the dominant (100) surfaces of the particle,
and the enhanced electronic/ionic conductivity due to Cr substitution.
Other promising transition metal elements in the same period as Ni/Mn on the periodic table
mainly include Ti4+, V5+, Cu2+ and Zn2+.108, 109 As a result of the stronger bonding between Ti
and O than that between Ni and O, Ti doping in LNMO is thought to lead to a more stabilized
spinel structure.108 Xiao et al.109 employed atomic layer deposition and post-annealing
treatment to synthesize surface Ti-doped LNMO (Figure 2.5g). The Ti dopants were observed
to be incorporated into the tetrahedral sites of the surface structure, forming a TiMn2O4-like
spinel phase, which could contribute to the formation of a CEI layer with more beneficial
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Li2CO3 and prevent the reduction of Mn during long-term cycling. Furthermore, Kim et al.108
investigated the effects of Ti substitution in LNMO in full cell configurations with graphite
and Li4Ti5O12 counter electrodes, respectively. They found that capacity decay of the full
batteries composed of undoped LNMO cathodes and graphite/Li4Ti5O12 anodes could be
ascribed to electrolyte decomposition issues. In comparison, full cells with Ti-doped LNMO
suffered from less electrolyte oxidation during the cycling process, which was supported by
their low self-discharge behaviour and high columbic efficiency during electrochemical
reaction, confirming the role of Ti in retarding electrolyte decomposition.
Kim et al.125 first reported V doping in the spinel LNMO and they confirmed the V substitution
for Li in the 8a tetrahedral sites of the Fd 3̅ m structure via V K-edge X-ray absorption
spectroscopy together with the XRPD Rietveld refinement. The V-doped LNMO
(Li0.995V0.005Ni0.5Mn1.5O4) delivered more stable electrochemical performances than the
undoped LNMO at both ambient and elevated temperature, maintaining 94% and 84% of its
initial capacities (130 and 142 mAh g-1), respectively (Figure 2.5h). The improvement was
mainly a result of the suppression of Mn dissolution and hazardous side reaction with the
organic electrolyte.
It was indicated by theoretical calculation results of Yang et al.130 that Cu doping in the spinel
could potentially lower the diffusion energy barrier of Li+, so several experimental studies have
been performed on Cu-doped LNMO.110, 111 For instance, Sha et al.110 synthesized a series of
doped LNMO samples with different Cu doping concentrations. The optimized Cu-doped
LNMO (LiNi0.45Cu0.05Mn1.5O4) showed excellent electrochemical performance, delivering 124
and 115 mAh g-1 at 5 C and 20 C together with the capacity retention of 97.7% and 95.7%,
respectively, after 150 cycles of charge and discharge (Figure 2.5i). Milewska et al.111 reported
that the Cu doping in LNMO would result in an increased lattice parameter and increased cation
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disorder in the spinel structure. Moreover, Cu doping in the spinel contributed to the offstoichiometry of the oxygen in the active material as well, thus increasing the Mn 3+
concentration and the electronic conductivity of the active material.
Intensive attention has also been attracted to Zn substitution in LNMO, because Zn is abundant,
low-cost, and environmentally friendly.112, 126 Chemelewski and Manthiaram112 investigated in
detail the origins of the cation disorder and the oxygen loss issues in the Zn-doped LNMO.
They found that the influences of different levels of Zn doping in LNMO were significantly
different, where low-concentration Zn substitution tended to break the cation ordering in the
octahedral sites as a result of their occupation of 8a sites of the Fd3̅m, thus forcing an equal
amount of Li+ into the 16d octahedral sites, which also introduced minor oxygen offstoichiometry as well at the same time. When the doping level kept increasing, however, severe
capacity decay was observed because of the decreasing electrochemically active Ni redox
couples and the substantial inactive Li+ in the octahedral environment. Recently, Piao et al.126
achieved Zn doping in the surface layer of LNMO particles via a wet-chemistry method and
subsequent sintering process. Interestingly, it was shown that the introduction of the Zn dopant
initiated phase transformation at the surfaces of the spinel particles, where the primitive spinel
phase became a rock-salt phase and a layered phase. The rock-salt phase could contribute to
the structural stabilization of the surface, while the latter helped provide superior
electrochemical reaction kinetics, thus resulting in significant improvement of the
electrochemical performance (Figure 2.5j).
Besides these transition metals mentioned above, successful modifications of the spinel LNMO
have also been achieved with the help of Zr4+, Nb5+, Mo6+, Ru4+, Sm3+, W5+ etc.121, 122, 131, 132
For instance, Feng et al.121 prepared Zr-doped LNMO (LiNi0.5Mn1.49Zr0.01O4) and investigated
the doping effects in both ordered and disordered LNMOs. They showed that in the ordered
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phase significant enhancement of cycle stability and rate capability occurred as a result of its
better crystallinity, higher lithium diffusion coefficient, and lower polarization introduced by
Zr doping, but it seemed to not be helpful in the disordered phase. Mao et al.122 studied the
influence of Nb substitution in LNMO and concluded that Nb doping in LNMO not only
resulted in larger particle size with smooth edges and corners, but also improved the Li
diffusion kinetics within the spinel particles. Mo doping in LNMO could contribute to a higher
Li diffusion coefficient and lower charge transfer resistance within the active material as
reported by Yi et al.131
2) Non-metal doping
Unlike the mere cation doping in the metal doping, non-metal doping can be divided into cation
substitution and anion substitution. Up to now, the non-metal cation doping in LNMO mainly
includes Si and P.127, 128, 133, 134 It is reported that high dissociation energy (ΔHf) of the dopantoxygen bond could increase the structural stability of the spinel lattice.133 Keppeler et al.133
reported that the Si-O bond has a dissociation energy as high as 798 kJ mol-1 at 298 K, which
is much larger than those of the Mn-O and Ni-O bonds (402 and 392 kJ mol-1, respectively).
Apart from the structural and chemical stability brought by Si substitution, it was also found
that the cation ordering in the octahedral sites was suppressed and the optimized Si-doped
LNMO (LiNi0.5Mn1.45Si0.05O4) microspheres could achieve capacity retention as high as 99.4%
at 1 C after 100 cycles (Figure 2.5k). Recently, Bini et al.134 further studied the effects of Si
doping in spinel LNMO. They confirmed that Si dopants preferred to occupy the 8a tetrahedral
sites of the Fd3̅m structure with a solubility limit of x = 0.10 in LiNi0.5Mn1.5-xSixO4, accordingly
forcing lithium to reside in both the tetrahedral and octahedral interstitial sites in the structure.
In addition, Si substitution in LNMO was also observed to control and limit the particle growth,
which results in enhanced lithium diffusion and improvement of the electrochemical
performance. Deng et al.128 explored the impact of P doping in LNMO. P substitution was
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found to result in more Mn3+ and increase cation disorder in the structure, improving both the
Li+ and electron conductivities of the active materials. Moreover, LNMO with minor P doping
maintains (111) faceted octahedra, delivering significantly improved battery performance
(Figure 2.5l), but when the doping concentration increases, the truncated octahedron
morphology occurred with more exposed (100) crystal plane, degrading both the cycling
stability and rate capability of the spinel.
The defects in the anion sublattice, i.e. oxygen vacancy, in the spinel structure have been both
theoretically and experimentally proved to significantly influence the electrochemical
properties of the high-voltage spinel, thus making the anion doping in LNMO more and more
important.22, 135 To date, F-, Cl- and S2- anions have been successfully doped into the LNMO
structure.136-141 Considering the superior electronegativity of F- over that of oxygen, F
substitution is considered to lead to a more stabilized framework and alleviated transition metal
dissolution behaviour during cycling.138 For instance, Du et al. synthesized F-doped LNMO
via a sol-gel and post-annealing method.136 They found that F doping in the spinel structure
could cause variation in the lattice parameters and bonding energy. As a result, the cycling
stability was greatly improved due to a more stable fine-structure when F replaced 2.5% of the
oxygen in the structure. Recently, Luo et al.138 prepared fluorine gradient-doped LNMO and
they concluded that F doping could result in a larger lattice parameter as well as the formation
of F-enriched surfaces of the gradient-doped LNMO particles, thus contributing to superior
battery performance with reversible capacities of 124 and 104 mAh g-1 at 1 C and 10 C,
respectively. Similarly, Cl doping in LNMO was also reported by Kim et al..140 It was shown
that LNMO with Cl doping was more structurally stable than LNMO with F or O doping as a
result of the stronger Mn-Cl bonding than those for Mn-O or Mn-F. Besides, the introduction
of Cl dopants in the spinel also reduced the rock salt impurities and enlarged the lattice
parameter of LNMO due to the large ionic radius of Cl. Cl-doped LNMO (LiNi0.5Mn1.5O3.9Cl0.1)
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had two times higher Li+ diffusivity than the undoped LNMO, together with more stable
cycling performance. Sulphur element is abundant, low-cost, and environmentally friendly,
thus attracting wide attention for the modification of spinel LNMO. Sun et al.141 synthesized
S-doped LNMO by co-precipitation and a subsequent sintering, and found that S substitution
for oxygen in the spinel structure could introduce morphological changes in the active material
particles, which were able to increase the reversible capacity and cycling stability of the active
material.
To our best knowledge, most reports employed minor or appropriate amount of dopant and
hence the doping of foreign atoms only affects the size of the LNMO lattice, but do not change
the symmetry of the parental structure. We also note that different dopants could improve the
high-voltage LNMO spinel from different aspects due to their different occupancy sites and
properties (Figure 2.6). Some cation dopants, such as Na, V, Ti, which locate at the 8a
tetrahedral sites of the spinel structure, could contribute to great changes in the spinel LNMO,
including enhanced charge transfer capability and a relieved transition metal dissolution in the
active material during the electrochemical process. Meanwhile, cation dopants residing at the
16d octahedral sites (Co, Cr, Fe, for example) in the Fd3̅m structure could help to enhance the
electronic conductivities and thermal stabilities of the spinel active material and to stabilize the
integral structure during the electrochemical process. The anion substitutes in the LNMO
structure would significantly improve the structural stability and minimize the dissolution of
the transition metals, as a result of the stabilized bonding between anion dopants and transition
metals. Considering that LNMO suffers from a series of hazardous issues during the cycling
process, multi-element doping would be a wise strategy to endow spinel LNMO with superior
cycling stability as well as rate capability. For instance, Shu et al.142 combined Mg and Si
doping in LNMO through a sol-gel method. The Mg-Si co-doping was reported to block
abnormal grain growth, homogenize the particle size, optimize the Li diffusion kinetics, and
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reduce the total resistance within functioning batteries. The co-doped LNMO exhibited better
electrochemical performance than single Mg-doped or Si-doped LNMO, delivering reversible
capacities of 121 mAh g-1 after 100 cycles at 0.5 C corresponding to a high capacity retention
of 98.86%. Moreover, Deng et al.143 introduced Cu, Al, and Ti tri-doping in LNMO, where Al
and Ti were expected to increase the structural stability of LNMO, while Ti and Cu were
intended to improve the electronic conductivity and lithium diffusion kinetics. Interestingly,
apart from these advantages, the tri-doping strategy also unexpectedly modified the oxygen
deficiency in the spinel structure and reduced the undesirable impurity phase, pointing an
interesting synergistic effect within the tri-doping. Lately, Sha et al..144 combined cation and
anion substitutions in LNMO with their tri-doping of Al, Cr and F. Three dopants in spinel
LNMO contributed to the stabilized structure, high reversibility, and superior reaction kinetics,
making the optimized spinel (LiNi0.475Al0.01Cr0.04Mn1.475O3.95F0.05) promising for wide
applications in electric vehicles and hybrid electric vehicles.

Figure 2.6 Summary of the doping strategies in high-voltage LNMO and the influences of the
dopants.
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2.3.3 Surface engineering
In order to stabilize the interphase between the electrode and electrolyte, reduce the side
reactions with the electrolyte, and relieve the dissolution of the transition metals, surface
engineering of the LNMO particles has also been widely adopted.17 According to the main
roles played by the coating layer, surface engineering could be categorized into three types, i.e.
electronic-conductive coating, ionic-conductive coating, and acid-protective coating.
1) Electronic-conductive coating
The poor electronic conductivity of spinel LNMO limits its electrochemical reaction kinetics,
especially at high charging/discharging rates, hindering its feasible high-power application.22
Carbon-coating is a common and facile method to significantly improve the electronic
conductivity of the material of interest, such as LiFePO4 and NMC cathodes, Si anodes, etc.145, 146
LNMO with different carbon coatings was reported to deliver excellent battery performances,147149

showing great potential in future wide applications. For instance, Yang et al.147 encapsulated

LNMO particles with a conductive carbon layer by the carbonization of sucrose. With a thickness
of around 20 nm, the carbon layer significantly improved the rate capability of the active material,
delivering capacities of 114 mAh g-1 at 5 C, which is nearly twice higher than that of undoped
LNMO. In addition to the improved rate capability, stable cycling performance and faster kinetics
of both Li+ diffusion and charge transfer, as well as a stabilized CEI, were also observed in the
sample modified with 1 wt. % sucrose. Wang et al.148 developed a direct carbon coating route on
LNMO at high temperatures, avoiding the common multiple steps of the coating process. The
carbon layer formed in-situ was found to result in less cation disorder and lower Mn3+
concentration in the spinel LNMO, as well as greatly improved electrochemical performance.
Furthermore, in order to avoid the undesirable carbon thermal reduction during the introduction
of the carbon layer, which inevitably damages and collapses the crystal structure of spinel LNMO,
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Hwang et al.149 employed a mechano-fusion method to create an oxidized carbon nanotube (CNT)
coating on LNMO without any additional heat treatment. It is well known that CNTs have a unique
one-dimensional structure and possess exceptional long-range electronic conductivity, making
them a promising coating layer for LNMO.149 However, the CNT coating layer was found to react
with the electrolyte during operation at voltages higher than 4.75 V, resulting in a thick CEI layer
and aggravated side reactions. Interestingly, the oxidized CNT layer not only solved these issues
for CNTs, but also contributed to reduced voltage polarization and an improved rate capability for
the high voltage spinel. Graphene and its derivatives, i.e. graphene oxides, as representatives of
the class of two-dimensional carbon materials, have been intensively used in LIBs to improve
battery performance due to their tunable conductivity and interaction with the active materials.150152

Fang et al.150 investigated the influence of an oxidized graphene coating layer on spinel LNMO

and found that the graphene oxide layer played an important role in enhancing the conductivity
and reducing the side reactions with the electrolyte, contributing to superior battery performance
with merely 0.039% capacity decay per cycle. Recently, Gao et al.152 coupled LNMO with
reduced graphene oxide (rGO). The rGO wrapped LNMO delivered significantly better
electrochemical performance than its bare counterpart as a result of the suppressed side reactions
at the electrolyte-electrode interface, the enhanced electronic conductivity of the active material,
and the decreased charge transfer resistance, as well as less HF attack on the spinel structure.
Recently, conductive polymers have aroused widespread interest as coating layers to improve the
cycling and rate performance of materials of interest in rechargeable batteries.22 Polymer coating
not only improves the electronic conductivity of the target material, but also does not influence
the volumetric capacity, unlike the previous carbon coatings.153 To date, the reported conductive
polymers used for modification of LNMO include polyimide (PI), polypropylene (PPy),
polyaniline (PANi), etc.153-155 PI is commonly utilized in transistors, membranes, and liquid
crystal monitors because of its superior mechanical, thermal and chemical stabilities. Kim et al.153
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introduced a PI coating onto the surfaces of LNMO particles with a thickness of less than 10 nm.
At room temperature, this PI nanolayer could contribute to superior lithium storage performance
and reduce undesirable interfacial side reactions. However, it failed to help when the testing
temperature increased, due to its poor compatibility and severe reactivity towards the electrolyte
solution. PPy coating appears equally promising for modifying the high-voltage LNMO because
of its slight toxicity compared to other polymers and its facile synthesis requirements. It was
reported that the electronic conductivity of PPy could reach as high as a few tenths of a S cm-1
after p-doping.156 Gao et al.154 explored the properties of PPy-coated LNMO, showing that PPy
wrapping could enhance the electrical conductivity of LNMO, prevent the dissolution of transition
metal into the electrolyte, reduce the charge transfer resistance, and mitigate the electrolyte
decomposition at the electrode/electrolyte interface (Figure 2.7a). PANi has the advantages of
low-cost raw materials and a simple fabrication process, resulting in its prevalence in a series of
applications, such as batteries, super-capacitors, etc.155, 157 Dong et al.155 prepared PANi-coated
LNMO material via a facile in-situ chemical oxidative polymerization method. The uniform PANi
coating layer on the LNMO surface with a thickness of ~20 nm acted as a conductive coating
agent, improving the electrical conductivity of the active material, modifying the reaction kinetics
within the batteries, and reducing the side reactions with the electrolyte and the hazardous metal
dissolution issues. The PANi-coated LNMO could accordingly deliver a high reversible capacity
of 123 mAh g-1 at 0.5 C after 200 cycles, along with an extraordinarily high capacity retention of
99.7% (Figure 2.7b).
In addition to the carbon and conductive polymer coatings, metal coating on the LNMO particles
is also reported to increase the electronic conductivity and rate capability of LNMO.158, 159 For
instance, Arrebola et al.158, 159 utilized metallic silver and gold to coat LNMO nanoparticles to
solve the issue of poor electronic conductivity. Although the metallic coating enhances the
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electrochemical performance of LNMO to some extent, the high cost of this strategy undoubtedly
hinders its wide application.
2) Ionic-conductive coating
The ionic diffusion kinetics at the electrolyte/electrode interface also has a significant impact on
the electrochemical performance of high-voltage LNMO, making coating layers with superior
ionic conductivity much more popular. To date, the reported ionic-conductive coating materials
on LNMO include Li3PO4, Li4P2O7, Li2SiO3, Li4SiO4, LaFeO3, Li0.33La0.56TiO3, Li2O-2B2O3,
Li2O-Al2O3-TiO2-P2O5, LiNbO3, Li3PO4-TiO2, etc.137, 160-166
In the Li-P-O ternary phase diagram, two compounds of Li3PO4 and Li4P2O7 are known as
excellent Li-ion conductors and have been intensively used as coating materials to improve the
electrochemical performance of cathode materials.160,

161

Chong et al.160 prepared Li3PO4-

coated LNMO via a one-pot solid-state synthesis and insisted that not only could better Lidiffusion be obtained through this design, but also the strong P-O bonding in Li3PO4 could defend
against chemical attacks and relieve HF corrosion during the cycling process. Besides, the Li3PO4
coating with a thickness of around 6 nm was found to prevent the dissolution of the transition
metals into the electrolyte as well, significantly maintaining the integrity of the spinel and ensuring
long-term cycling stability (Figure 2.7c). Li4P2O7 is known as a kind of Li-ion conductive
glass,161 which shows great potential as a solid-state electrolyte and artificial solid-electrolyte
interphase layer in rechargeable batteries. Xun et al.161 fabricated Li4P2O7-stabilized LNMO
via solid-state synthesis. The Li4P2O7 nanolayer on the particle surface helped to form the
disordered phase of LNMO and acted as a solid electrolyte, which only permitted the Li+ ions
to enter/exit and suppressed the dissolution of the transition metals, thus contributing to greater
cycling stability and practicality.
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Li2SiO3 has been intensively employed as a surface modifier material for cathodes in
rechargeable batteries, due to its superior Li+ conducting properties.162 Li2SiO3 has a layered
structure, in which SiO4 tetrahedra are tightly connected with the help of Li+ ions, while Li+
ions form a three-dimensional network in the structure. Deng et al.162 investigated the influence
of the Li2SiO3 coating on the spinel LNMO and found that the introduction of the coating layer
could improve the battery capacity, cycling performance, and rate capability of LNMO. The
coated LNMO could deliver an ultrahigh initial discharge capacity of ~150 mAh g-1,
approaching its theoretical specific capacity. Li4SiO4 has a similar structure to that of Li2SiO3,
but has more Li in its lattice, which could contribute to higher battery capacity and Li diffusion
kinetics. It was reported that the ionic and electronic conductivities of amorphous Li4SiO4
could reach as high as 1.2×10-8 and 3.36×10-6 S cm-1, respectively.137 Moreover, the reaction
between Li4SiO4 and HF could further protect the electrode materials. Xu et al.137 studied the
effects of Li4SiO4 on LNMO and showed that the coated LNMO could deliver superior
electrochemical performance at elevated testing temperatures due to the protection of the
Li4SiO4 layer against the side reactions between the electrode and electrolyte.
Perovskite-type oxides have also attracted wide attention as coating layers for highperformance cathode materials, due to their superior ionic and electronic conductivities, and
excellent electrochemical stability.163,
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LaFeO3 is widely used in gas sensors, catalytic

reactions, and as an electrode material due to its unique gas-sensitive, magnetic, and electrical
properties. Mou et al.164 synthesized LaFeO3-coated LNMO via a wet chemical method and
confirmed the role of the LaFeO3 coating as both a lithium-ion facilitator and a protective layer.
In addition to improved cycling stability and rate capability, reduced side reactions with the
electrolyte inside batteries were also observed. Specifically, the LNMO spinel coated with 2
wt. % LaFeO3 could maintain as high as 93% of its initial capacity at 1 C after 100 cycles at
55℃. Another promising perovskite material is Li0.33La0.56TiO3 (LLTO), well known as a fast42
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ion conductor with excellent ionic conductivity (approximately 10-3 S cm-1) at room
temperature. Zhu et al.163 coated LLTO onto the surface of LNMO through a sol-gel process
and optimized the amount of the LLTO to obtain the highest Li diffusion coefficient. As
expected, the superior ionic conductivity of the active material greatly reduced the interfacial
charge transfer resistance and facilitated the migration of the charge carriers within batteries.

Figure 2.7 i) Transmission electron microscope (TEM) images along with ii) the
electrochemical performances of (a) PPy-coated LNMO154; (b) PANi-coated LNMO155; (c)
Li3PO4-coated LNMO160; (d) Li2O-2B2O3-glass-coated LNMO (GC-LNMO)167; (e) LATPcoated LNMO165; (f) TiO2-coated LNMO.168
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Lithium-diborate (Li2O-2B2O3) glass is also a promising coating material for electrode
modifications, due to its superior wetting properties toward ceramics, excellent ionic
conductivity in various compositions, and good stability against the high oxidation potential.167
Its successful application in LiMn2O4 and NMC cathodes indicates its feasibility for modifying
high-voltage LNMO spinel.169, 170 Chae et al.167 decorated the LNMO particles with a uniform
and homogeneous passivation layer of Li2O-2B2O3 glass with a thickness of around 5 nm
(Figure 2.7d). On the one hand, the coated LNMO delivered better cycling stability and rate
performance due to the suppressed dissolution of transition metals, reduced cell impedance,
and facile charge transfer kinetics. On the other hand, the coating layers also contributed to the
improved thermal stability of the active material, as indicated by electrochemical testing at
elevated temperatures. Ceramic Li2O-Al2O3-TiO2-P2O5 (LATP) glass, which is intensively
employed as a solid-state electrolyte in LIB researches,171,

172

has caught the attention of

researchers as well. It has not only a high ionic conductivity of 10-3 S cm-1 at room
temperature,173 but also superior chemical stability against electrochemical oxidative
decomposition at high voltage as a result of its sodium superionic conductor (NASICON)-type
structure. Deng et al.165 applied a LATP thin coating on the surfaces of LNMO particles via a
Pechini method (Figure 2.7e) and found that the LATP layer efficiently suppressed the side
reactions, including electrolyte oxidation and transition metal dissolution, during battery
functioning, and greatly improved the Li+ mobility as well.
3) Acid-protective coating
Trace water is unavoidable in organic electrolytes during fabrication and it could potentially react
with the LiPF6 salt, leading to the formation of hazardous HF as follows: LiPF6  LiF+PF5; PF5
+H2O  2HF + PF3O.22 Worse still, HF dissolves the high-voltage LNMO material based on the
following equation: 4HF + 2LiNi0.5Mn1.5O4  3Ni0.25Mn0.75O2 + 0.25 NiF2 + 0.75 MnF2 + 2LiF
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+ 2H2O.22 The loss of the active material and damage to the electrode integrity further accelerate
the capacity decay of the LNMO during the cycling process. Thus, a shielding material protecting
LNMO from the HF attack during charge/discharge processes, especially in high-voltage
operation, is required and also deserves special attention. Surface coating materials, such as oxides,
fluorides, etc., have been proved to effectively defend against the HF corrosion.168, 174, 175
Varieties of oxides have been employed as coating materials on the LNMO surface, which include
SiO2, TiO2, Al2O3, CuO, ZnO, etc.168, 175-177 For example, SiO2 is very common in battery research
due to its abundance, low cost, and nontoxicity.23, 176, 178, 179 Besides, it is also known as an HF
scavenger, neutralizing the hazardous acid in the electrolyte and protecting the electrode materials.
Fan et al.176 decorated LNMO material with a porous and amorphous SiO2 nanolayer. The
modified spinel delivered improved cycling stability, which was attributed to the low HF content
as a result of the neutralization between HF and SiO2, and the mechanical separation effect of the
decoration layer as well. Our previous work23 investigated the influence of the SiO2 coating on the
electrochemical performance of LNMO in detail. It was shown that the coating layer lowered the
capacity decay rate by ∼45 and 65%, at 25 and 55 °C, respectively, and enhanced the Li diffusivity
by ~15%, while no obvious improvement or regression was observed in the battery capacity.
Moreover, it was interesting to find that the magnitude of the improvement in the disordered phase
was lower than that in the ordered phase, which is probably due to the stabilizing effect against
phase segregation in the two-phase reaction that merely occurs in the ordered LNMO. Similarly,
the TiO2-coated LNMO also showed a significantly improved electrochemical performance in the
work of Tao et al.168 Since the TiO2 layer not only protected the active material from the acid
attack but also mitigated the dissolution of the transition metals, the optimized TiO2-coated
LNMO could deliver a discharge capacity of 74 mAh g-1 at 15 C and maintain 88% of its initial
capacity at 2 C after 500 charges/discharges (Figure 2.7f).
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Compared to the oxides, lower Gibbs free energies are needed for the formation of the
corresponding metal fluorides, indicating the higher stability of metal fluorides.180 Moreover, due
to their superior stability in the HF environment and excellent thermal stability, metal fluorides
have also been widely used to protect LNMO and other battery materials from HF corrosion.174,
180, 181

For instance, Wu et al.174 coated AlF3 onto the surfaces of LNMO particles and investigated

its influence on the electrochemical performance of LNMO. It was revealed that in addition to the
protection against the HF attack, the AlF3 coating also contributed to the suppression of the growth
of the CEI layer and improved thermal stability as well. Furthermore, GaF3 was also utilized by
Huang et al.182 to decorate the LNMO active material. The GaF3 coating was confirmed to be
effective for enhancing battery performance, through suppressing side reactions, decreasing the
self-heating rate, and improving the thermal stability of the high-voltage LNMO spinel.
Table 2.1 summarizes the coating materials used so far to decorate the LNMO particles, as well
as the electrochemical performances of the modified LNMO. To conclude, we note that the
coating materials may modify the active material from several aspects at the same time, and a
combination of different types of coatings would be necessary to create satisfactory highperformance LNMO. For example, Wang et al.183 proposed a decoration layer on the surface of
LNMO that was capable of both ionic and electronic conduction by employing a Li3PO4-TiO2
hybrid coating, where Li3PO4 acted as a solid-state electrolyte to achieve fast Li diffusivity and
anatase TiO2 was introduced to prevent the side reactions and enhance the electronic conductivity
of the layer due to the relatively low conductivity of single Li3PO4. The significantly improved
electrochemical performance of the modified LNMO confirmed the success of this hybrid coating
strategy and would promote many other novel interfacial designs for high-performance LNMOs.
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Table 2.1 Summary of surface engineering strategies to modify LNMO
Coating

Coating

Cycling performance at
Rate capability

Materials

methods

room temperature
119 mAh g-1 after 100

Wet

127 mAh g-1 at 1 C;
147

cycles at 1 C (capacity
Amorphous

Ref.

chemistry
retention: 92%)

114 mAh g-1 at 5 C;

carbon
64 mAh g-1 after 500
Wet

120 mAh g-1 at 1 C;
148

cycles at 10 C (capacity
chemistry
retention: 71%)
130 mAh g-1 after 80

Oxidized
Mechanocarbon

137 mAh g-1 at 1 C;
149

cycles at 1 C (capacity
fusion

nanotubes

retention: 95.5%)
68 mAh g-1 after 1000

Graphene

112 mAh g-1 at 5 C

Wet

130 mAh g-1 at 4 C

104 mAh g-1 at 1 C;
150

cycles at 0.5 C (capacity
oxide

chemistry
retention: 61%)
115 mAh g-1 after 105

Reduced

Solid-state

80 mAh g-1 at 5 C

119 mAh g-1 at 1 C;
152

cycles at 1 C (capacity
graphene oxide method
retention: 96%)
124 mAh g-1 after 100
Wet
Polyimide

93 mAh g-1 at 5 C

128 mAh g-1 at 1 C;
23

cycles at 0.1 C (capacity
chemistry
retention: 92%)

47

120 mAh g-1 at 5 C

Chapter 2
112 mAh g-1 after 300
Wet
Polypyrrole

113 mAh g-1 at 1 C;
154

cycles at 1 C (capacity
chemistry
retention: 91%)
123.4 mAh g-1 after 200
Wet

Polyaniline

103 mAh g-1 at 5 C

119 mAh g-1 at 1 C;
155

cycles at 0.5 C (capacity
chemistry
retention: 99.7%)

65 mAh g-1 at 5 C

88 mAh g-1 after 900
Solid-state
Li3PO4

cycles at 0.5 C (capacity

N/A

160

reaction
retention: 72%)
92 mAh g-1 after 893
Solid-state
Li4P2O7

118 mAh g-1 at 1 C;
161

cycles at 0.5 C (capacity
reaction
retention: 74%)
106 mAh g-1 after 100
Sol-gel

116 mAh g-1 at 10 C

125 mAh g-1 at 1 C;
162

cycles at 1 C (capacity
method
retention: 85%)

Li2SiO3

118 mAh g-1 after 100
Solid-state

61 mAh g-1 at 5 C

120 mAh g-1 at 1 C;
184

cycles at 0.1 C (capacity
reaction
retention: 95%)

89 mAh g-1 at 10 C

94 mAh g-1 after 500
102 mAh g-1 at 1 C; 60

Spray

185

cycles at 1 C (capacity
mAh g-1 at 2 C

pyrolysis
retention: 92%)
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117 mAh g-1 after 150
134 mAh g-1 at 1 C; 120

Sol-gel

137

cycles at 5 C (capacity
mAh g-1 at 5 C

method
retention: 97%)

Li4SiO4

111 mAh g-1 after 300
123 mAh g-1 at 1 C; 117

Solid-state

186

cycles at 20 C (capacity
-1

method

mAh g at 20 C
retention: 93%)

Wet-

127 mAh g-1 after 100
130 mAh g-1 at 1 C; 112

LaFeO3

chemistry

164

cycles at 1 C (capacity
-1

mAh g at 5 C
method

retention: 97%)
129 mAh g-1 at 1 C; 119

Sol-gel
Li0.33La0.56TiO3

163

N/A
mAh g-1 at 2 C

method
Wet-

113 mAh g-1 after 50
142 mAh g-1 at 1 C; 107

Li2O–2B2O3

chemistry

167

cycles at 1 C (capacity
-1

mAh g at 10 C
method

retention: 94%)

Wet-

119 mAh g-1 after 97
127 mAh g-1 at 1 C; 115

Li2O–2B2O3
chemistry

mAh g-1 at 5 C

and carbon

FePO4

187

cycles at 1 C (capacity

method

retention: 90%)

Atomic

105 mAh g-1 after 100
113 mAh g-1 at 1 C; 83

layer

188

cycles at 0.5 C (capacity
mAh g-1 at 5 C

deposition

retention: 92%)

49

Chapter 2
133 mAh g-1 at 1 C; 118

Sol-gel

189

N/A
-1

method
Atomic

mAh g at 2 C
94 mAh g-1 after 100
93 mAh g-1 at 1 C; 49

AlPO4

layer

190

cycles at 0.5 C (capacity
-1

mAh g at 5 C
deposition

retention: 94%)
118 mAh g-1 after 500
133 mAh g-1 at 1 C; 124

Solid-state

175

cycles at 1/3 C (capacity
-1

method

mAh g at 40 C
retention: 92%)

SiO2
Wet-

129 mAh g-1 after 174
131 mAh g-1 at 1 C; 122

chemistry

23

cycles at 0.1 C (capacity
-1

mAh g at 10 C
method

retention: 96%)

Wet-

107 mAh g-1 after 500
131 mAh g-1 at 1 C; 115

TiO2

chemistry

168

cycles at 2 C (capacity
-1

mAh g at 5 C
method

retention: 88%)

Wet-

126 mAh g-1 after 100
131 mAh g-1 at 0.5 C;98

CuO

chemistry

191

cycles at 0.5 C (capacity
mAh g-1 at 10 C

ZnO

method

retention: 95%)

Wet-

102 mAh g-1 after 50

chemistry

cycles at 2 C (capacity

method

retention: 88%)

50

192

N/A
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Wet108 mAh g-1 at 1 C; 80
MgO

chemistry

193

N/A
mAh g-1 at 5 C

method
Chemical

122 mAh g-1 after 100
127 mAh g-1 at 1 C; 99

Fe2O3

194

precipitation cycles at 1 C (capacity
-1

mAh g at 10 C
method

retention: 96%)

Atomic
105 mAh g-1 after 150

94 mAh g-1 at 1 C; 40
64

layer
cycles at 0.1 C

-1

mAh g at 4 C

deposition
98 mAh g-1 after 100
105 mAh g-1 at 1 C; 80

Sol-gel
Al2O3

195

cycles at 1 C (capacity
-1

method

mAh g at 2 C
retention: 91%)
116 mAh g-1 after 200
129 mAh g-1 at 1 C; 105

Solid-state

196

cycles at 1 C (capacity
mAh g-1 at 5 C

method
retention: 92%)
Wet-

112 mAh g-1 at 1 C; 59
chemistry

197

N/A
mAh g-1 at 4 C

RuO2

method

Precipitation

127 mAh g-1 after 100
122 mAh g-1 at 1 C; 102
198

cycles at 0.5 C (capacity
method

mAh g-1 at 5 C
retention: 95%)
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Precipitation
V2O5

107 mAh g-1 after 100
112 mAh g-1 at 1 C; 92
199

cycles at 1 C (capacity
method

mAh g-1 at 2 C
retention: 95%)

Wet122 mAh g-1 at 1 C; 114
chemistry

181

N/A
-1

mAh g at 2 C
AlF3

GaF3

method
Wet-

97 mAh g-1 after 50 cycles

chemistry

at 0.1 C (capacity

method

retention: 88%)

Wet-

129 mAh g-1 after 300

chemistry

cycles at 0.1 C (capacity

method

retention: 91%)

N/A

174

N/A

182

104 mAh g-1 after 100
126 mAh g-1 at 1 C; 112

Sol-gel
La0.7Sr0.3MnO3

200

cycles at 2 C (capacity
mAh g-1 at 3 C

method
retention: 91%)
Wet-

111 mAh g-1 after 200
126 mAh g-1 at 1 C; 111

Lithium
chemistry

mAh g-1 at 6 C

polyacrylate

ZnAl2O4

201

cycles at 1 C (capacity

method

retention: 90%)

Wet-

126 mAh g-1 after 100

chemistry

cycles at 1 C (capacity

method

retention: 97%)

52

N/A
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Atomic

101 mAh g-1 after 300
111 mAh g-1 at 1 C; 60

Li3PO4-TiO2

layer

183

cycles at 0.5 C (capacity
mAh g-1 at 5 C

deposition

retention: 81%)

2.3.4 Electrolyte modification
The instability of the carbonate electrolyte at the high operating voltage aggravates the capacity
decay of the LNMO, therefore making modifications of the organic electrolyte an urgent need.203
Currently, successful strategies to improve the stability of the electrolyte mainly include
incorporating fluorinated electrolytes and introducing addictive salts into the electrolyte.16
Carbonates, which are widely used in battery electrolytes, suffer from severe decomposition at
high voltages due to their inferior stability against oxidation.61 However, fluorine substituents in
the carbonates have been found to decrease the melting point and flammability, as well as
increasing the potential limits of the compounds.60 Zhang et al.60 investigated the feasibility of a
novel electrolyte with fluorinated carbonate solvents for the high-voltage LNMO spinel. The DFT
calculation results indicated that fluorination in carbonate lowered the levels of both the HOMO
and the LUMO, corresponding to higher oxidation stability of the compounds. Also, it was found
that fluorination could also result in higher thermo-dynamical stability in the modified electrolyte
compared to its traditional counterparts. Electrochemical testing further confirmed these
predictions and revealed that the fluorinated electrolyte could tolerate a higher rate than the
commercial ones, as a result of its low viscosity and high lithium-ion conduction.
The introduction of additives is also an effective method to stabilize the interface between the
electrode and electrolyte and relieve the decomposition of the electrolyte.16 To date, there are
various electrolyte additives reported for the high-voltage spinel, which include lithium
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bis(oxalato) borate (LiBOB), tris(trimethylsilyl)borate (TMSB), tris(trimethylsilyl)phosphate
(TMSP),

1,1’-sulfonyldiimidazole

methoxyethyl)phosphonium

(SDM),

dimethylacetamide

bis(trifluoromethylsulfonyl)imide

(DMAc),

triethyl(2-

(TEMEP-TFSI),

1-

propylphosphonic acid cyclic anhydride (PACA), etc.59, 65, 204-209 For instance, Dalavi et al.209
investigated the influence of low-concentration LiBOB additive on the cycling performance of
LNMO at room temperature. It was shown that the LiBOB additive could alter the surface
chemistry of LNMO materials, contributing a thin oxalate-containing surface film and reducing
the side reaction at the same time. Moreover, it could also prevent the generation of acidic species
in the electrolyte, thus relieving the problem of HF attack from the electrolyte. Li et al.65 reported
TMSB as an effective electrolyte additive for high-performance LNMO. They showed that the
TMSB additive could significantly improve the cycling and rate performances of LNMO due to
the surface layer formed by TMSB, which protected the electrode from HF attack and mitigated
the transition metal dissolution.
In addition to applying modifications to the widely-used carbonate electrolyte, novel electrolyte
systems that include ionic liquids, sulfone-based electrolyte, lactone-based electrolyte, etc., have
also been put forward because of their superior electrochemical stability at high operating
voltages.63, 210 For example, Cao et al.210 proposed lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI)/pyrrolidinium bis(trifluoromethane-sulfonyl)imide room temperature ionic liquid
(RTIL) based electrolytes as promising alternatives for the conventional electrolyte, which could
contribute to high oxidative stability, improved capacity retention, and high columbic efficiency
of the batteries. Alvarado et al.63 reported a tetramethylene sulfone based electrolyte combined
with LiFSI for high-voltage battery applications. This novel electrolyte system could lead to a thin,
conformal, sulphur-based CEI layer on the active material surface (for example, LNMO), thus
ensuring the long-term battery cycling ability.
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2.4 Full battery prototypes and challenges
Spinel LNMO has great potential to be widely used as a cathode material in next-generation highenergy-density LIBs. However, great efforts still need to be made towards the incorporation of
LNMO into practical full-cell systems. To date, the reported anode materials that couple with
LNMO cathodes include graphite, Li4Ti5O12 (LTO), TiNb2O7, TiO2, etc.8, 211-217
2.4.1 LNMO//graphite full batteries
Graphite is now widely used as the anode material in commercial LIBs, due to its advantages of
high abundance, low fabrication cost, and environmental benignity. The specific capacity of
graphite material could reach as high as 372 mAh g-1, along with the operating plateau of < 0.3 V
vs. Li.218 As seen from the charge/discharge curve (Figure 2.8a), the LNMO//graphite full cells
have an operating plateau of around 4.6 V, corresponding to an energy density of 624 Wh kg-1,
which is calculated by the weight of active materials.203 Frustratingly, the obvious capacity fade
of the full cell is observed, even though both the cathode and the anode work well in the half-cell
configuration (Figure 2.8b), which limits its future wide application.213 Worse still, the capacity
fade of the full batteries becomes more severe at elevated temperatures.212
The rapid capacity decay in LNMO//graphite full batteries has aroused intense interest recently.211213

Lu et al.211 studied the failure mechanism of the LNMO//graphite full cell by electrochemical

testing and ex-situ surface analysis techniques. They found that both the cathode and the anode
contributed to the capacity loss of the full cell, as well as the increased impedance within batteries.
The surface investigation results indicated that a CEI layer formed on the surface of the cathode
materials, which was derived from the decomposition of the electrolyte. Meanwhile, a thick SEI
layer was formed on the graphite surface, which resulted in a rise in the resistance of the reactions.
Delamination from the current collector was also observed in the graphite electrode, leading to
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the rapid capacity fade. They considered the thick SEI formation and anode delamination to be
probably due to the Mn dissolution and deposition on the graphite. Pieczonka et al.213 confirmed
the dissolution issues of the transition metals and identified metallic Mn and MnNi species on the
graphite material, which resulted in continual SEI formation and active lithium consumption.
Besides, the dissolution of Mn and Ni from the spinel structure was found to be associated with
the battery SOC and the testing temperature, as well as the battery storage time. Specifically, a
low SOC, low operating temperature, and long storage time decelerated the dissolution process.
Kim et al.212 found that the fast capacity loss in LNMO//graphite full batteries had resulted from
the combination of the Mn dissolution and active Li+ loss. They disassembled the tested
LNMO//graphite full battery after 110 cycles and assembled both cathodes and anodes in halfcells with Li foil as counter electrodes, where a high open-circuit voltage and low initial charge
capacity indicated that half of the Li+ was lost in the LNMO. Meanwhile, they determined that
~0.3 wt. % of the total Mn was deposited on the Li side in the LNMO-containing half-cells after
200 cycles at ambient temperature.
To conclude, the reasons accounting for the rapid capacity decay of LNMO//graphite batteries
mainly include (1) the transition metal dissolution from the cathode side and subsequent
deposition on the anode side, (2) continual SEI formation on the graphite anode, and (3) the
loss of electronic contact from the current collector. To solve this detrimental capacity loss,
protection on the graphite has also been adopted,214 apart from modification of the LNMO cathode
and electrolyte composition as mentioned previously. For instance, Zeng et al.214 reported an
AlPO4 coating deposited on the surface of the graphite for high-performance LNMO//graphite full
batteries. The AlPO4 nanolayer played an important part in relieving the repetitive SEI formation
and Mn deposition on the anode, and in reducing the irreversible reactions involving Li+.
Accordingly, the LNMO//AlPO4-coated graphite full batteries could exhibit better cycling
stability and higher columbic efficiency during charging/discharging.
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2.4.2 LNMO//LTO full batteries
Since the low operating potential of graphite results in the formation of Li dendrites during cycling,
reducing the safety characteristics of the full cells, LTO has been regarded as a promising anode
candidate to couple with LNMO to achieve high battery safety.8 LTO has the Fd3̅m space group
symmetry and is widely known as a “zero-strain” lithium insertion/extraction material with
superior structural stability.6 In addition, LTO has a specific capacity of 175 mAh g-1 and an
operating plateau of ~1.55 V vs. Li, which could effectively avoid the formation of the SEI and Li
dendrites on the anode side.8 The LNMO//LTO full battery is calculated to have an energy density
of 426 Wh kg-1, which is based on the weight of active materials, together with a voltage plateau
at around 3.2 V (Figure 2.8c and 2.8d).203 Nevertheless, the intrinsic gas generation of LTO anode
during the cycling process, which is thought to be related to the reaction between the Ti ions and
the electrolyte as well as subsequent electrolyte decomposition,219 will result in swelling of the
LNMO//LTO full cells and require an extra step of gas extraction after the formation process,
because otherwise, it will result in battery failure.
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Figure 2.8 (a) Charge/discharge curves and (b) cycling performance of LNMO//graphite full
batteries212. The half-cell performances of both electrodes are also presented; (c) charge/discharge
curves and (d) cycling performance of LNMO//LTO full batteries215; (e) charge/discharge curves
of TNO-limited LNMO//TNO full batteries and (f) cycling performances of two types of
LNMO//TNO full batteries.216
Applying a coating on Li4Ti5O12 anode is regarded as an effective method to solve the gassing
issues and prolong the cycle life of the full battery.8, 219 Our previous work168 employed the AlF3
protective layer on the LTO and investigated the effects of performance and function of
LNMO//LTO full batteries via in operando neutron powder diffraction. The AlF3 coating was
found to result in parasitic Al doping (approximately 3% Al) on the 16c crystallographic site in
LTO and to improve the cycling stability of LTO as well. The structural responses of LTO and
LNMO confirmed the greater availability of lithium in the LNMO//AlF3-coated LTO full batteries
than LNMO//LTO ones. Furthermore, the coating layer was also found to accelerate the rate of
the structural response of the LNMO cathode during the charge process, indicating a faster
delithiation and an enhanced Li diffusion within the full batteries.
2.4.3 Other battery systems
Considering that the low specific capacity of LTO anode limits the full battery performance, great
efforts have been made to explore other anode candidates with a high specific capacity to pair
with LNMO.216, 217, 220 To date, the reported promising anodes include TiNb2O7 (TNO), TiO2, SnC composites, etc.216, 217, 220 For instance, Goodenough et al.216 proposed monoclinic TNO as a
replacement for LTO in the full battery configurations (Figure 8e). TNO has a high specific
capacity as high as 387.6 mAh g-1 based on a 5-electron transfer during the electrochemical
reaction (corresponding to the redox couples of Ti4+/Ti3+ and Nb5+/Nb3+).221 Moreover, TNO
has an operating plateau of ~1.64 V vs. Li, similar to that of LTO, avoiding the issues of SEI
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and Li dendrite formation.216, 221 The effect of the capacity match in the LNMO//TNO full
batteries was investigated. Based on the electrochemical performance, it was found that the
TNO-limited full battery delivered longer cycling stability than the LNMO-limited one (Figure
8f). In addition, the TNO-limited full batteries also exhibited a long service life compared to
those with LNMO and graphite electrodes. Meanwhile, the link between pack-level
performance and cell-level characteristics is still not well understood. While modelling and
simulation of degradation at the cell level are relatively well developed, few studies have so
far attempted to extend similar approaches to pack design, largely due to the added complexity
and multitude of design and operating parameters that need to be considered.222 The effects of
cell-to-cell variations on pack performance have been importantly acknowledged as it will
reduce the overall accessible energy as well as increasing the degradation rate.223 Although the
LNMO//TNO cell has an average voltage of only ~3.0 V, the pack design is feasible with the
current efficient developments on power electronic converters.224 Furthermore, the cycling and
energy density performance coupled with material homogeneity are the main factors in
delivering high reliability and robust battery pack design.225 Therefore, the LNMO//TNO cell
has great potential but further exploration of LNMO//TNO cells and other promising systems
should also be performed to meet the requirements and criteria of practical applications. Lastly,
it is critical to ensure the homogeneity of every cell for large-volume manufacturing processes,
no matter which battery system, since the final figure of merit is the most important number
for pack performance for any practical application.
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Chapter 3: Experimental methods
3.1 Experiment overview
The typical experimental procedures in this doctoral work include the synthesis of different
types of spinel materials, characterizations of the structure/phase details of the active materials,
electrochemical evaluation of the active materials, and investigation of the improvement
mechanism of the corresponding modifications as well. A series of cutting-edge techniques are
employed in this work, which includes in operando synchrotron-based XRPD, in operando
NPD, STEM, XAS, XPS, electron paramagnetic resonance (EPR), STEM, etc. Accordingly, the
corresponding structure-function and chemistry-function relationships within the active
materials of interest are well established, based on the fruitful findings from these powerful
techniques.

3.2 Chemicals and materials
The chemicals and materials used in this doctoral work are listed in Table 3.1.
Table 3.1 Chemicals and materials used in this work

Chemicals

Formula

Purity (%)

Supplier

Lithium carbonate

Li2CO3

99.5

Sigma Aldrich

LiOH·H2O

99.99

Sigma Aldrich

99.5

Sigma Aldrich

Lithium hydroxide
monohydrate

Manganese dioxide

MnO2
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Manganese (II) sulphate

MnSO4

99.99

Sigma Aldrich

Nickel oxide

NiO

99.5

Sigma Aldrich

Nickel sulphate

NiSO4

99.99

Sigma Aldrich

Lithium acetate

C2H3LiO2

98

Sigma Aldrich

Magnesium oxide

MgO

99.5

Sigma Aldrich

Ammonium bicarbonate

NH4HCO3

99.5

Sigma Aldrich

Niobium pentoxide

Nb2O5

99.5

Sigma Aldrich

Titanium dioxide

TiO2

99

Sigma Aldrich

Potassium manganate

KMnO4

97

Sigma Aldrich

Tetrabutyltitanate

Ti(OCH2CH2CH2CH3)4 98

Sigma Aldrich

Citric acid

C6H8O7

99

Sigma Aldrich

Ethanol

C2H5OH

99.5

Sigma Aldrich

Ammonium fluoride

NH4F

99

Aldrich

Al(NO3)3·9H2O

99

Aldrich

(CH2CF2)n

N/A

Sigma Aldrich

Aluminium nitrate
nonahydrate
Polyvinylidene Fluoride
(PVDF)
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Timcal graphite&
Carbon black (Super P)

C

N/A
carbon

N-methyl-2-pyrrolidone
C5H9NO

99.5

Sigma Aldrich

Aluminium foil

Al

N/A

Vanlead Tech

Copper foil

Cu

N/A

Vanlead Tech

Lithium hexafluorophosphate

LiPF6

99

Sigma Aldrich

Ethylene carbonate (EC)

C3H4O3

99

Sigma Aldrich

Dimethyl carbonate (DMC)

C3H6O3

99

Sigma Aldrich

Lithium metal

Li

99.9

Sigma Aldrich

(NMP)

Polypropylene separator

Celanese
(C3H6)n

N/A

(Celgard 2500)

Corporation, USA

CR2032 coin cells

N/A

N/A

China ChemsT

Ethanol

C2H5OH

Reagent

Q-store, Australia

3.3 Materials preparation methods
3.3.1 Solid-state method
The solid-state method is undoubtedly the simplest way to fabricate LNMO in large scale with
a low cost at the same time. During the solid-state synthesis procedure, ball milling is usually
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employed to mix the precursors homogeneously, followed by heat treatment. The weight ratio
between the balls and raw materials should be controlled in the range of 10:1 to 40:1 to achieve
better mixing. Unfortunately, this method usually introduces some impurities into LNMO
material, known as the rock-salt phase226, such as NiO, LixNi1-xO, which lower the capacity of
the integral electrode and deteriorate the battery cycling stability. Another drawback in this
method is the large particle size, which would lead to a poor rate capability of the active
material. In this doctoral work, a solid-state method is adopted to synthesize different LNMO
spinel materials.

3.3.2 Co-precipitation method
Compared with the solid-state method, co-precipitation synthesis is more suitable to produce
uniformly dispersed particles. In different co-precipitation methods, different precipitators are
used, which include sodium carbonate, ammonium carbonate, chloride ammonia or mixtures
of these. During the experiment, a great effort would be paid to the experimental parameters,
such as pH value, temperature, concentration, etc. In this doctoral work, co-precipitation
method is also used to fabricate the high-voltage spinel.
3.3.3 Sol-gel method
Sol-gel synthesis has also been adopted to produce active materials in this work. The steps in
a typical sol-gel experiment include mixing of the salts, casting, gelation, ageing, drying and
finally sintering at high temperatures. Atomic-level mixing with the active materials could be
achieved by the sol-gel method. Moreover, highly homogeneous small particles with good
crystallinity could be obtained, which contributes to the improved electrochemical
performance of the materials. In this doctoral work, the sol-gel method is employed to
synthesize the anode LTO material for the full battery assembly and characterization.
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3.3.4 Hydrothermal method
The hydrothermal method is now widely used to synthesize active materials in LIB research.
The experimental conditions of a hydrothermal reaction, such as concentration, temperature,
reaction time, etc., need to be carefully controlled to obtain a specific morphology or size of
the active materials. In this doctoral work, a hydrothermal method is used to synthesize
different morphologies of LNMO materials to investigate the morphological effect on the
electrochemical performance of spinel LNMO.

3.4 Material characterization techniques
3.4.1 Laboratory X-ray powder diffraction
Laboratory XRPD is widely used to characterize the structure details and phase composition
of the materials of interest. Its principal working mechanism is based on the Bragg’s Law:
2·d·sinθ = n·, where d corresponds to the distance between neighbouring lattice planes, θ
represents the angle between the incident beam and the lattice plane, n is a positive integer, 
is the wavelength of the used incident beam. In a typical XRPD experiment, the generated Xray is exposed to the surface of the specimen and experiences elastic scattering by the crystal
planes. Subsequently, the scattered X-ray gets recorded by the detectors. The XRPD
characterization in this doctoral work is performed on a PANalytical Empyrean instrument in
Bragg-Brentano reflection geometry with Cu K radiation.
3.4.2 Electrochemical cell for in situ synchrotron-based X-ray powder diffraction
This section is adapted from the article named “A robust coin-cell design for in situ
synchrotron-based X-ray powder diffraction analysis of battery materials” (by Gemeng
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Liang et al., Batteries Supercaps, doi.org/10.1002/batt.202000218) with permission from the
Wiley-VCH GmbH.
Understanding the structure/chemistry-function relationships of active battery materials is
crucial for designing higher-performance batteries, with in situ synchrotron-based X-ray
powder diffraction with high brightness and tunable wavelength of batteries widely employed
to gain this understanding. This understanding is not straightforward to obtain, with the closed
system of a LIB, a substantial barrier to acquiring information about the internal active
materials of the LIB during battery operation. Whilst post mortem ex situ characterization of
components extracted from LIBs has been commonly applied successfully in the past to obtain
this information,227-229 the sample extraction methods can be a source of contamination and
change the nature of active materials, leading to experimental results that do not reflect the
material within the LIB.230 Consequently, analysis of battery materials in situ within
functioning batteries has been increasingly performed, with synchrotron-based XRPD now
widely applied to establish a clear relationship between chemistry, structure, and performance
of active electrodes within LIBs, providing valuable insights into battery failure mechanisms
and corresponding solutions.227, 231 Compared to ex situ approaches, in situ and in operando
measurements offer information that is more representative of realistic LIB function, with
diffraction data recorded continuously during battery function.230, 232
The battery used in in situ synchrotron-based XRPD measurements is critically important to
the success of the experiment, not only in reflecting the true electrochemical performance and
mechanism, but also in enabling measurement of high-quality diffraction data.232-234 While coin
cells are typically used in the laboratory and industrial studies of LIBs,227, 235 the corresponding
synchrotron-based XRPD experiment requires both the incident and scattered X-ray beams to
pass through the cell, with heavier and dense element components, such as the steel housing of
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conventional coin cells, quickly attenuating X-rays. In order to carry out a successful XRPD
experiment, special consideration should be given to the issues of X-ray transmission, as well
as the battery electrochemical performance.
To date, several types of the specialist in situ electrochemical cells for use in synchrotron-based
XRPD experiments have been proposed, as summarized in Figure 3.1. In the “coffee-bag” cell
(Figure 3.1a), holes are punched on the sides of the pouch that are then covered by Kapton®
tape, enabling X-ray beam penetration.236 A major challenge in this cell configuration is
ensuring a good seal to exclude air and moisture. The Swagelok-type design (Figure 3.1b)237
overcomes these issues of hermetic sealing, and although the design has been used successfully,
the broad applicability of the design is limited by the requirement to custom fit the design to
each specific instrument. Whilst a more flexible capillary-based cell (Figure 3.1c) was
developed,238-240 the complex battery fabrication necessitating the use of a series of highprecision facilities also limits its use. One of the most extensive and successfully used designs
is the Argonne multi-purpose in situ X-ray (AMPIX) cell (Figure 3.1d),232 specifically
designed for in situ investigations of functioning batteries at several beamlines at the Advanced
Photon Source (APS). More recently, a radially accessible tubular in-situ X-ray (RATIX) cell
(Figure 3.1e) for use at the facility was developed, enabling spatially-resolved
measurements.234 Whilst highly successful at the APS, some modification may be necessary to
use the AMPIX and RATIX cells at instruments within other facilities.
Beyond these highly specialist cell designs, coin cells are more commonly modified for in-situ
XRPD investigations, such as at Australian Synchrotron and other facilities (Figure 3.1f),231,
235, 241-243

where holes are made in battery caps and spacers to permit beam penetration, with

X-ray transparent beryllium foil or Kapton® tape usually adopted to cover the holes and provide
protection from air/moisture.231, 233, 244, 245 Although the flat and hard Be window enhances
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contact between different battery components, its toxicity and electrochemical instability at
voltages higher than 4.2 V (vs. Li) severely restrict its wide use.227,

233

Kapton® tape, a

polyimide film, is low-cost, environmentally benign, and X-ray transparent, but provides an
imperfect seal and can soften or oxidize over time, especially at high voltages, restricting its
use over short periods and medium-voltage-range experiments.227

Figure 3.1 Electrochemical cells for in situ synchrotron-based XRPD experiments. (a)
“Coffee-bag” cell236. (b) Swagelok-type cell237. (c) Capillary-type cell240. (d) AMPIX cell232.
(e) RATIX cell234. (f) Coin cell with Kapton® windows230.

We propose a simple coin-cell modification to achieve long-time and high-voltage stability for
in situ synchrotron-based XRPD measurements in which Kapton® seals are replaced by metal
tape. Using the high-voltage spinel LiNi0.5Mn1.5O4 (LNMO) as an example, we demonstrate
the successful application of this design against the widely-adopted Kapton®-based equivalent
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to exploring the real and complex electrochemical mechanisms of high-voltage rechargeable
battery electrodes. The insights into the structure- and chemistry-function of electrode
materials at high battery voltage obtained using this design will contribute to the rapid
development of next-generation high-energy-density batteries.
Three configurations of 2032-type coin cells containing spinel LNMO electrodes, including
standard 2032, coin cells with Kapton® windows (Figure 3.2a), and coin cells with metal-tape
windows (Figure 3.2b, Cu and Al tape), were assembled for a comparative study to highlight
the practicality of the cells. Figure 3.2c shows cyclic voltammetry (CV) curves of the three
batteries within the voltage range 3.5 - 4.9 V at a scanning rate of 0.02 mV/s. It is known that
the anodic/cathodic peaks at around 4.02/3.98, 4.72/4.65, and 4.78/4.69 V (vs. Li) correspond
to the redox couples Mn3+/Mn4+, Ni2+/Ni3+, and Ni3+/Ni4+, respectively.4,

16

The curves of

standard and metal-tape-window batteries are nearly identical in peak positions and shape,
while the anodic/cathodic peaks of curves for the Kapton®-window battery shift to higher/lower
voltages, especially those corresponding to the Ni redox couples, constituting voltage
polarization. We also note that an intensive current above 4.8 V is detected in Kapton®-window
batteries, indicating the occurrence of an extra oxidation reaction related to the use of polymeric
Kapton®. Over increased sweep rates, the curves of standard and metal-tape-window batteries
remain similar in both shape and trend (Figure 3.2d-3.2e), where the curves of the Kapton®window battery (Figure 3.2f) significantly differ from that typically arising from LNMO.
Moreover, electrochemical impedance spectroscopy (EIS) measurements reveal that the charge
transfer resistance increases in the first two cycles and then gradually decreases on further
cycling, with values between 200 - 700 Ω in both standard and metal-tape-window batteries
(Figure 3.2h-3.2i). In contrast, the Kapton®-window battery exhibits significantly larger
resistance (Figure 3.2j), particularly on increasing cycling and consistent with the large rateinducing voltage polarisation observed in the CV. Together, the CV and EIS results further
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support the practicality of the metal-tape-window battery in delivering high-voltage battery
performance reflective of that in unmodified coin-cells.

Figure 3.2 Photo of the (a) Kapton®-window and (b) metal-tape-window cell caps; (c) CV
curves of the three LNMO-containing cells at 0.02 mV/s; CV curves of (d) unmodified, (e)
metal-tape-window, and (f) Kapton®-window cells at different scan rates; EIS plots of (h)
unmodified, (i) metal-tape-window, and (j) Kapton®-window cells.

The galvanostatic charge/discharge curves of the three batteries in the 1st, 5th, and 10th cycles
are shown in Figure 3.3a-3.3c. All batteries exhibit three working plateaus at around 4.0, 4.7,
and 4.8 V during charging, consistent with the CV characterization results. The failure to
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achieve expected charge and discharge capacity can be an indicator of unusual battery
performance, and while both the standard and metal-tape-window batteries deliver similar
capacity and cycling performance (Figure 3.3d), the Kapton®-window cell exhibited both a
17% lower discharge capacity and only 67% coulombic efficiency (CE), as well as a rapid
voltage drop and severe capacity fade with cycling, consistent with the EIS results. The
relatively low battery capacity, severe voltage polarization, and short battery life of the
Kapton®-window cell make the design unsuitable for exploring the high-voltage
electrochemical behaviour of LNMO. High-temperature electrochemical performance and rate
capacity tests of the unmodified and metal-tape-window cells was performed (Figure 3.4 and
3.5), with the metal-tape-window design exhibiting almost identical electrochemical behaviour
to that of the unmodified cell.

Figure 3.3 Charge/discharge curves for the 1st, 5th, 10th cycles of (a) unmodified, (b) metaltape-window, and (d) Kapton®-window cells at 0.1 C, (d) cycling performance of LNMO
electrodes in the three cells at 0.1 C together with their columbic efficiencies.
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Figure 3.4 Charge/discharge curves for the first two cycles of the unmodified and metal-tapewindow cells at 0.5 C at 60 ℃.

Figure 3.5 (a) Rate capability, and (b) corresponding discharge curves for the 5th, 17th, and 23rd
cycles of unmodified and metal-tape-window cells.
While the electrochemical functionality of the metal-tape-window design is satisfactory, the
other test of its usability is the quality of the XRPD data obtained from it. We collected data
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from the cell at the Powder Diffraction beamline of the Australian Synchrotron231 with a
Mythen-II detector using an experimental setup as shown in Figure 3.6a.

Figure 3.6 a) Schematic of the in situ XRPD experiment at the Powder Diffraction beamline
of the Australian Synchrotron.231 The green and red lines in the figure represent the incident
and diffracted X-ray beam, respectively. A schematic of the calculated synchrotron beam
transmission through the various cell components of the in situ metal-tape cell is shown at the
bottom; b) typical diffraction pattern of the LNMO-containing metal-tape cell at open-circuit
voltage; c) in situ synchrotron-based XRPD data shown as a contour plot with intensity in
colour over a selected 2θ range, highlighting the LNMO 111, 311, and 511 reflections.235
The incident synchrotron beam (green line in Figure 3.6a) penetrates the battery through a
metal-foil window and illuminates the active components and the diffracted X-rays (red line in
Figure 3.6a) exit through the remaining metal-foil window and are recorded at the detector.
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Using a beam with a wavelength of ~0.688 Å (~18 keV) will result in an estimated beam
transmission of ~54% through the cell (see calculation details in Table 3.2).
Table 3.2 Calculation of synchrotron X-ray beam transmission through different layers of the
metal-window-tape cell, as derived from https://11bm.xray.aps.anl.gov/absorb/absorb.php.246

Thickness

Density

Transmission

Content
(μm)

3

(g/cm )

(%)

10

8.96

70.10

30

3.75

79.65

20

2.7

97.77

10

2.7

98.88

Synchrotron
Cu tape
beam
Electrode
material
(wavelength
0.688 Å)

Electrode
Current collector
(Al)

Al tape

Total transmission: 53.98%

Note that the thickness of active material on the Al substrate is estimated to be 30 μm. The
electrode density is estimated to be 80% of 4.45 g/cm3 (density of LNMO) + 10% of 1.78 g/cm3
(density of PVDF) + 10% of 0.16 g/cm3 (density of carbon black) = 3.75 g/cm3.
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Diffraction data from the metal-tape-window battery containing LNMO and Li foil electrodes
is shown in Figure 3.6b. Despite the intense Al and Cu reflections, reflections at 8.3, 16.1,
25.3, 27.6, and 28.9 ° are observed, corresponding to the spinel LNMO 111, 311, 511, 400, and
531 reflections, respectively.247 The in situ diffraction data are shown as a contour plot over a
selected angular region in Figure 3.6c. The evolution of these reflections is observed in the
time-resolved data, along with the appearance of a new reflection at ~8.5º at the high state of
charge, attributable to the formation of rock-salt Ni0.25Mn0.75O2.31, 235 The LNMO undergoes
both solid-solution and two-phase reaction, in good agreement with the previous work.16, 29, 31,
248

The successful in situ synchrotron-based XRPD experiment further confirms the usefulness

of the metal-tape-window cell design.
In summary, we describe an easily-fabricated low-cost metal-tape coin cell design for use in in
situ synchrotron-based X-ray powder diffraction experiments, where the cell modification does
not alter the electrochemical performance of the cell, even during high-voltage operation. We
also demonstrate the cell for studies of lithium- and sodium-ion battery materials, with the cell
extendable to other metal-ion battery chemistries. This battery design will facilitate structurefunction investigations of battery materials in the previously-inaccessible high-voltage region
and accelerate the exploration of next-generation high-energy-density batteries.
3.4.3 Neutron powder diffraction
Neutron powder diffraction (NPD) is increasingly used in rechargeable battery research. 34, 249,
250

First discovered by James Chadwick in 1932, neutrons are subatomic particles that carry no

electric charge.251 Unlike X-rays which only interact with electrons, neutrons interact with
atomic nuclei, endowing NPD with unique perspectives of structural information and phase
composition.252, 253 Neutron scattering lengths are independent of the number of electrons,
making NPD sensitive to light elements even in the presence of heavy ones and to elements
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with a similar number of electrons, unlike XRPD.8 This can be especially useful for battery
materials that contain mixed transition metal elements such as Ni, Mn, and Co, which have
coherent neutron scattering lengths (b) of 10.3, -3.73 and 2.49 fm (1 fm = 10-15 m),
respectively.254 The NPD data of the synthesized active materials in this doctoral work is
collected on the high-resolution neutron powder diffractometer Echidna255, at the Open Pool
Australian Light water (OPAL) research reactor at the Australian Nuclear Science and
Technology Organisation (ANSTO).
3.4.4 In operando neutron powder diffraction
This section is adapted from the article named “Understanding rechargeable battery
function using in operando neutron powder diffraction” (by Gemeng Liang et al., Adv.
Mater. 2020, 32 (18), 1904528) with permission from the Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.
It’s worth mentioning that b values are small relative to the corresponding X-ray scattering
lengths, indicative of a relatively weak interaction which leads to high penetration. The high
penetration and non-destructive interaction between neutrons and matter coupled with
advanced instrumentation make it possible for NPD to probe the bulk crystallographic variation
of materials inside functioning batteries in real-time.249, 252 Over the past decade, the use of in
operando diffraction studies in batteries have rapidly increased, with in operando NPD being
used to investigate the phase evolution and structural changes (lattice parameters, atomic
positions, site occupancies, etc.) of materials, including the mechanism of the
insertion/extraction of charge balancing ions and the response of the material to this.41, 252, 256259

In operando NPD can yield insight and understanding of how batteries operate, informing

strategies for improving battery performance. Although there are drawbacks to using in
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operando NPD,249 such as accessibility to instrumentation as well as experimental constraints,
the increasing trend of in operando NPD for battery studies is expected to continue.
Ideally, the electrochemical behaviour of the cell for in operando NPD should replicate that of
conventionally prepared coin cells used to characterize battery performance. The cell must
enable NPD data acquisition at a rate adequate to study material changes during cycling, for
example at 1 C a 120 s acquisition corresponds to 30 patterns per charge or discharge. The
following part outlines the cell construction parameters impacting NPD data, with designs
summarized afterwards.
1) Cell construction parameters
i. Neutron absorption elements
Isotopes (and therefore elements) with large neutron absorption cross-sections can attenuate
both incident and scattered neutrons, and should therefore be avoided or substituted. Lithium
is 92% 7Li and 8% 6Li with respective neutron absorption cross-sections of 0.0454 and
940 barn (1 barn = 10−28 m2),260 and enriching with 7Li reduces neutron attenuation, decreasing
data acquisition time. Interestingly, likely as a result of industrial refinement, some commercial
lithium compounds are enriched with 7Li261 and we determine > 96% 7Li in commercial Li2CO3
(Sigma-Aldrich). Neutron attenuation may also be anisotropic as a consequence of the
inhomogeneous distribution of neutron-absorbing elements within a cell. The anisotropic
absorption of prismatic LIBs is known,262 and although it is theoretically possible to correct
for, a knowledge of the spatial distribution of elements in the cell is required. Absorption is
particularly pronounced in half-cell configuration batteries where Li is in excess, and reducing
the Li foil thickness may reduce this. Other elements that strongly absorb neutrons of relevance
to battery research include B, such as in borosilicate glass separators used in Na- and K-ion
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batteries, Cd, such as in Ni-Cd batteries, and the rare-earth elements Sm, Dy, and Gd, such as
in gadolinium-doped ceria in solid oxide fuel cells.
ii. Incoherent neutron scattering elements
Unlike coherent neutron scattering, incoherent scattering depends only on correlations between
the same nucleus at different times263 and presents as a background in NPD data. The isotope
with the largest incoherent neutron scattering cross section is the 1H (proton) with an incoherent
neutron scattering cross-section of 80.27 barns.260 Therefore, 1H in organic electrolyte solvents
such as EC and DMC, as well as in separators such as Celgard®, can cause a substantial loss of
information in NPD data (Figure 3.7a), where a higher background obscures lower amplitude
reflections. 1H may also be present in polymer laminated aluminium packaging, which may be
removed by abrading.
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Figure 3.7 a) NPD data from Wombat of electrode powder in a vanadium can, printed on Al
within a battery (ITRI, Taiwan) containing TiNb2O7 with PVDF and without electrolyte, and
the battery with 1 M LiPF6 in EC/DMC. Al reflections are identified and TiNb2O7 reflections
marked with an asterisk. b) Influence of sample position on Wombat (inset, i) on NPD data of
an 18650-type LIB with detail around 40º 2θ shown insert, ii.
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Electrolyte solvents can be replaced with deuterated equivalents, where deuterium (2H) has an
incoherent neutron scattering cross-section of 2.05 barns. The use of deuterated organic
carbonates in batteries for NPD experiments is relatively common, despite being relatively high
cost (e.g. 2H4-ethylene carbonate 722 US$/g, Cambridge Isotopes Laboratories, June 2019).
Other deuterated electrolytes such as ethylacetate are more affordable, although they have half
the ionic conductivity of EC/EMC264 and Dong et al. report higher overpotential when used.265
Partial replacement of electrolyte solvent with methyldifluoroacetate caused 20% reversible
capacity loss in cells at 5 C and mediocre improvement to the NPD data.266
Hydrogenated separators such as Celgard that contain polypropylene (PP) and polyethylene
(PE) can be replaced with polyvinylidene difluoride (PVDF),249 glass fibre,266 or the composite
Al2O3-polyethylene terephthalate.267 The thickness, mechanical strength, and electrochemical
performance of the separator need to be considered in such substitutions. Although PP/PE
separators have a high H atomic density, the total amount in a battery may be less than when
using PVDF as the higher mechanical strength of PP/PE enables them to remain functional
when thin.40
iii. Geometry
The amount of useful neutron coherent scattering, as well as unwanted neutron incoherent
scattering and absorption (points i and ii above), are directly proportional to the number of
atoms in the beam. The cell geometry should ideally position the material of interest at the
instrument scattering centre and allow an equal neutron path through the sample at all detector
angles. Many battery designs do not achieve this, and the effects of this on NPD data should
be considered during data analysis.
An annular cell is preferred for instrumentation employing radial detectors. Although the
ubiquitous 18650 cylindrical format of commercial LIBs appears to achieve this, their non78
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homogeneous construction impacts NPD data. For example, data from Wombat of commercial
18650 batteries had a better signal-to-noise ratio when the cell edge rather than centre was
aligned with the incident neutron beam (Figure 3.7b), and pronounced in homogeneities have
been observed in larger 26650 batteries.268 Whilst reflection positional shift and intensity as a
result of sample geometry are possible to correct, these are non-trivial and require a detailed
knowledge of cell contents which is often not available.
Non-annular cells may present anisotropic neutron attenuation as a consequence of neutron
path length differences.262 To mitigate against such effects the cell can be oriented with any
long axis at low diffraction angles,269 resulting in the incremental decrease of neutron
attenuation with increasing angle, with this more easily incorporated into a background model.
For diffractometers with detector banks, the battery may be oriented to achieve a constant
neutron path length through the sample for a chosen bank. Other approaches are to rotate or
rock the cell during cycling,262 or use a cell with a square cross section to achieve relatively
uniform neutron scattering paths.249
iv. Loading of active material
The relatively low interaction of neutrons with a matter usually necessitates more material than
the milligrams in coin-cells for NPD. Commercial cells are performance-optimized, with
relatively high active material content and minimal non-active materials to improve energy
density.270 Active material content in custom cells may be increased through thick electrode
coatings, but these may hinder performance due to polarisation, and other strategies to increase
loading include high surface area metal mesh or foam current collectors 271 and coating current
collectors on both sides,269, 272 with the latter not affecting the performance of stacked or rolled
electrode designs. Active material loading can be further increased, from 80 to 92 wt% for
example,267 by optimizing the conductive additive and binder content.
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v. Non-active material component
Coherent neutron scattering from components not under investigation can present a problem if
reflections from these overlap those from the materials of interest, such as aluminium
reflections (Figure 3.7a). Using components with negligible coherent neutron scattering, such
as vanadium273 and Ti0.68Zr0.32274 for cell casings, can reduce such issues. Similarly, inactive
materials that do not overlap peaks of the material under study or without long-range order
such as disordered hard carbon Na-ion battery electrodes249 can be selected. Another strategy
described later is to position the cell such that inactive components are out of the neutron beam.
vi. Cycling performance and ease of preparation
The electrochemical performance of the NPD cell should ideally replicate that of coin cells
used in testing. Electrode state-of-charge is inhomogeneous in large format batteries275 caused
by non-uniform contact pressure, electrolyte wetting, and electrode alignment impacting cycle
performance.276 The preparation of evenly spaced electrodes is challenging, notably for larger
format batteries. For cylindrical cells, hand winding may result in inhomogeneous contacts and
separator tearing, as well as low wrap density,40 and mechanical preparation is recommended.
Stacking of flat layers in prismatic cells is relatively easy by hand, although time-consuming
in a glove box. Pressure on the battery exterior may assist internal contacts and can be achieved
by clamping with metal sheets such as vanadium.249
2) Cell designs
Custom-designed cell types for in operando NPD can be summarised as the flat-plate design
with a single electrode/separator/electrode layer265, 269, 277, the prismatic design with several
stacked layers31, 41, 249, 256, 257, 259, 264, 278-281, the cylindrical type containing rolled layers,8, 40, 258,
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266, 267, 280, 282-287

and the confined electrode type where the beam illuminates only the electrode

of interest271, 274, 288-292 (Figure 3.8).

a) Single-layer flat-plate

c) Cylindrical rolled layers

b) Prismatic stacked layers

d) Confined electrode

Figure 3.8 Custom cell designs for in operando NPD. a) Single-layer flat-plate269; b) prismatic
stacked-layer249; c) cylindrical rolled layer40; and d) confined electrode.274
i. Flat-plate single layer cell
The flat-plate single layer cell contains a single electrode/separator/electrode stack encased
between solid plates that is oriented perpendicular to the incident neutron beam. The plates
apply homogeneous pressure to electrodes and can be chosen to avoid reflection overlap with
the material under study.269 277 The design is reminiscent of coin-cells, simple to prepare, with
good electrochemical performance. The geometry is suited to fixed angle detector
diffractometers where absorption along the long cell axis can be avoided by orientation, such
as the placement on VULCAN at 45º with respect to the incident beam enabling Rietveld
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quality data to be collected in 1 h using the +/- 90º detector banks.269 Similarly, a perpendicular
orientation on POLARIS allowed Rietveld quality data to be collected in 10 min at C/20 using
the backscattering and low angle detector banks.265
ii. Prismatic stacked-layer cell
The prismatic stacked-layer cell, consists of multiple electrodes and separator layers stacked
and encased in a pouch usually comprising polymer-coated aluminium. A long separator is
“zig-zag” folded into which electrodes are inserted. The cell is also a commercial type, and
relatively easy to prepare by hand using common battery laboratory resources. The amount of
active material in this cell is relatively large and the electrochemical performance fairly
reproducible, although external pressure using vanadium plates may be required for even
contact between layers. The cell can be rotated262 or made square,249 minimizing angledependant absorption. The hydrogen in the outer pouch layer can be removed by scratching.
The design has been used on Wombat, enabling Rietveld quality data to be collected in 5 min
at C/10.257
iii. Cylindrical roller layer cell
The cylindrical rolled layer cell contains an electrode and separator roll inserted into a
cylindrical can, such as in the commercial 18650 cell, where the relatively large amount of
active materials yields intense data despite the hydrogen in the electrolyte and separators.275,
293-297

Custom cells have been made using cans composed of aluminium,40,

quartz,266 nickel-plated steel,282 and vanadium.273,

280, 283-286

266, 267, 272, 287

Cylindrical rolled layer cells

require long homogeneous electrodes, which may need mechanical preparation, and wrapping
the stack in the laboratory setting can be challenging. Issues such as electrode flaking, separator
rupture, and poor electrode alignment cause an inhomogeneous and low-density roll, and when
combined with issues associated with insertion of the roll into the can may result in inactive
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cell sections and high polarization. Electrode flaking may be reduced by optimization of the
ink formulation to allow bending of the electrode.
iv. Confined electrode cell
Cells

with

a

confined

electrode,

also

called

the

swage-lock

type,

have

an

electrode/separator/electrode stack that is oriented parallel to the incident neutron beam with
the electrode under study at the cell edge, allowing other components to be shielded from the
neutron path. Confined electrode cells have been constructed from Al and Ti,288, 289 as well as
the null-matrix alloy Ti0.68Zr0.32.271, 274 Homogeneous electrode stack pressure is maintained by
screws or springs. In place of the active material on the current collector as in other designs,
electrode powder is mixed with carbon black and pushed between the separator and current
collector. A main disadvantage of the confined electrode design is the electrode thickness,
where thicker electrodes may result in polarization274 and thinner electrodes increase data
collection time.
In operando NPD data in this doctoral work is acquired on Wombat298, the high-intensity
neutron powder diffractometer at the OPAL research reactor at ANSTO.
3.4.5 Scanning electron microscopy
Scanning electron microscopy (SEM) is one of the most widely used electron microscopies in
the laboratory to characterize the sample morphologies. Typically, the generated electron beam
interacts with the specimen surface, leading to the formation of different signals, such as a
secondary electron signal, backscattered electrons signal, etc. After data processing, the
acquired signals could provide useful information on the surface features of the active material
of interest. In this doctoral work, the morphology characterization was performed on a field-
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emission scanning electron microscope instrument (JEOL 7500) at the Electron Microscopy
Centre, University of Wollongong, Australia.
3.4.6 Transmission electron microscopy
Transmission electron microscopy (TEM) is an advanced microscopy technique, where a highenergy electron beam penetrates a thin specimen with the simultaneous interaction with the
specimen, which determines the contrast of the acquired image. Relevant TEM characterization
in this work is carried on a TEM instrument (JEOL 2011) at 200 keV at the University of
Wollongong, Australia.
3.4.7 Scanning transmission electron microscopy
Scanning transmission electron microscopy (STEM) technique is extremely useful in exploring
the atomic crystal structure of the cathode materials in LIBs. By the aid of double spherical
aberration, STEM could produce atomic-resolution images in a raster illumination system. Two
different modes, i.e. high-angle annular dark-field (HAADF) and annular bright-field (ABF),
based on the different apertures and camera locations, are usually adopted in STEM operation.
Additionally, the STEM instrument is usually equipped with the energy dispersive X-Ray
spectroscopy (EDS) module to find the desired region quickly and identify the corresponding
elemental distribution. The STEM data in this doctoral work is acquired on the aberrationcorrected TEM equipment (TEM, JEOL ARM-200F) at the University of Wollongong,
Australia.
3.4.8 X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) is a powerful technique to explore the electronic
structure of the target materials, where a series of photon energy scans are performed to excite
the core electrons, and intensive absorption occurs at the absorption edge of the element of
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interest. XAS technique could reveal the valence state, bond length, coordination number, etc.
of the probed materials. The XAS data in this thesis is collected at the XAS beamline and soft
X-ray (SXR) beamline at the Australian Synchrotron, Melbourne, Australia.
3.4.9 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique based on the
photoelectric effect, which could probe the elemental composition, elemental valence and
electronic state of the target material. Generally speaking, laboratory XPS accesses a detection
depth of 5-10 nm from the specimen surface. In a typical XPS experiment, selected elements
are mapped in the spectrum as per the specific binding energy, which is required for
corresponding electrons to escape from their orbitals. Additionally, the obtained spectrum
usually needs calibration before further analysis, where C 1s peak at 284.6 eV is adopted as a
calibration reference. In this thesis work, the XPS data is collected on the ESCALAB 250Xi
spectrometer with Al K radiation at the University of Wollongong and the CasaXPS software
is used to carry out the data processing.
3.4.10 Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy (FTIR) technique is widely used to detect the
functional groups in solid, liquid, and gas. Additionally, FTIR is very sensitive to the Ni/Mn
ordering in the high-voltage LNMO spinel. In this thesis work, the FTIR data is acquired on
the PerkinElmer FT-IR Spectrometer Frontier instrument with the wavenumber varying from
450 to 750 cm-1 at the University of Wollongong.
3.4.11 Electron paramagnetic resonance spectroscopy
Electron paramagnetic resonance (EPR) spectroscopy is a useful technique to detect the
electronic structure of the target materials. In this thesis work, The EPR spectra are recorded
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starting from nitrogen to room temperatures using the conventional Bruker X-band ELEXSYS
E 500 CW spectrometer operating at 9.5 GHz and different microwave power in a range of P
= 0.001 - 2 mW at West Pomeranian University of Technology in Szczecin. The magnetic
induction ranges from 0 to 1.4 T. The first derivative of the absorption spectrum is recorded as
a function of the applied magnetic induction.
3.4.12 Thermogravimetric analysis
Thermogravimetric analysis (TGA) measures specimen weight changes as a function of
temperature and used to investigate the composition of the material. In this doctoral work, TGA
characterization is carried out on a PerkinElmer TGA 8000 instrument at the University of
Wollongong.

3.5 Electrochemical evaluation methods
3.5.1 Electrode preparation and coin cell assembly
The electrodes (both cathodes and anodes) in this thesis work were fabricated by a slurry
coating method. Typically, the slurry composed of 80 wt.% active material, 10 wt.% carbon
black, and 10 wt.% poly(vinylidene fluoride) (PVDF) in N-methyl-2-pyrrolidone solution was
homogeneously mixed and then printed onto Al or Cu foil for cathode or anode fabrication,
respectively, using a doctor blade. Subsequently, the electrode was dried in vacuum for 12 h.
After cooling, the electrode was cut into disks and pressed using a rolling machine. Coin cells
were assembled in an Ar-filled glove box. Celgard® 2250 film and Li foil with a thickness of
0.6 mm (99.9%, Sigma) were employed as the separator and the counter electrode, respectively.
The electrolyte was composed of 1 mol/L LiPF6 in a 1:1 (volume ratio) mixture of dimethyl
carbonate (DMC) and ethylene carbonate (EC) solution. After assembling, the batteries were
rested overnight to achieve complete electrolyte infiltration before further use.
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3.5.2 Galvanostatic charge/discharge
Galvanostatic charge/discharge measurements are employed to evaluate the electrochemical
performance of the synthesized active materials. Typically, the batteries are tested under a
constant current within a certain voltage range. For example, the LNMO spinel cathodes are
cycled between 3.5 and 4.9 V vs. Li. The capacity of the electrodes is the product of the applied
current and the cumulative time for the process. Additionally, the rate capability of the
electrodes could also be measured in this way by applying different current densities in the
testing process. In this thesis work, galvanostatic electrochemical testing was performed on the
Land® battery testers (Wuhan, China) and NEWARE battery systems (Neware® Battery
Testing Instruments) at the University of Wollongong, Australia.
3.5.3 Cyclic voltammetry
Cyclic voltammetry (CV) measurements relate the applied voltage with detected current and
are widely used to probe the redox reactions within active materials during electrochemical
processes. In a typical CV experiment, the applied voltage varies continuously over the voltage
testing range, and an intensive current peak occurs when a redox reaction takes place. During
the coin-cell testing, which involves a two-electrode model, the metallic Li counter electrode
serves as both the reference electrode and the counter electrode. In this doctoral work, all the
CV measurements were conducted on the Biologic VMP-3 electrochemical workstation at the
University of Wollongong, Australia.
3.5.4 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a useful technique to investigate the internal
resistance of batteries. EIS usually involves introducing a minor perturbation in the battery
system and recording the resultant changes in the form of an impedance diagram. Typically,
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the EIS data of a coin cell includes a semicircle in the high-frequency region and an inclined
line at the low frequency. The semicircle is associated with the charge transfer resistance (Rct)
between the electrode and electrolyte, whilst the slopping line is ascribed to the Warburg
resistance, which represents the difficulty of lithium ion diffusion within the active materials.
In this doctoral work, EIS measurements were conducted on a VMP3 electrochemical
workstation with a disturbance amplitude of 5 mV between 100 kHz and 10 mHz at the
University of Wollongong, Australia.

3.6 Theoretical calculations
In recent decades, theoretical calculations have been widely adopted in battery research to
investigate a series of battery issues, including energy barriers, electronic structures, diffusion
channels of charge-carrying ions, etc. In this thesis work, density functional theory (DFT)
calculations were used to explore the influence of the different surface planes of the LNMO
materials on their battery performance. The calculations were conducted by using the Vienna
Ab initio Simulation Package (VASP) with the Perdew-Burke-Ernzerhof (PBE) functional and
the projector augmented-wave (PAW) method.
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Chapter 4: Insight into the improved cycling stability of sphere-nanorod-like
micro-nanostructured high voltage spinel cathode for lithium-ion batteries
In order to solve the issue of rapid capacity decay of LNMO cathodes during cycling, the
strategy of morphology control of LNMO material is proposed in this chapter. We prepared
LNMOs with different morphologies, including microsphere, nanorod, and hybrid spherenanorod morphologies, and it is found that the LNMO material with hybrid morphology shows
the best battery performance, with a capacity of over 107.8 mAh g-1 after 1000 cycles at 10 C
and superior rate capability up to 10 C. Its superior rate capability is found to originate from
the large Li-O bond length by Rietveld refinement, which contributes to decreased charge
transfer resistance and ease of Li insertion/extraction at tetrahedral sites. On the other hand, the
excellent cycling stability comes from its having the least structural deformation from
mechanistic reactions, which involve the longest solid-solution reaction, the highest spinel
structural tolerance/stability up to Δ = ~0.69 Li, and a highly reversible two-phase reaction
during charge and discharge in the hybrid LNMO, as revealed by the in operando synchrotronbased X-ray powder diffraction results. Moreover, the hybrid LNMO exhibits surface planes
(210) with the highest Mn defect formation energy, prohibiting Mn3+ disproportionation and
further stabilizing its cycling stability. This work not only demonstrates the importance of
crystallographic and morphological controls on the high-voltage spinel performance, but also
opens a window for battery engineers and researchers to develop battery technology for highpower applications.
This section is adapted from the article named “Insight into the improved cycling stability of
sphere-nanorod-like micro-nanostructured high voltage spinel cathode for lithium-ion
batteries” (by Haiping Liu, Gemeng Liang (co-first authorship) et al., Nano Energy 2019,
66, 104100) with permission from Elsevier.
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4.1 Introduction
Recently, Li-ion batteries have been proposed as a potential energy source for the electric
vehicle and hybrid electric vehicle because of its high energy density and good superior
cyclability299-302. As one of the most promising high-voltage cathode materials, spinel LiNi0.5xMn1.5+xO4

(LNMO) has gained intensive attention due to its high working voltage of 4.7 V (vs.

Li/Li+), its high energy density of 650 Wh kg-1, and its rapid transportation of lithium ions via
three-dimensional (3D) diffusion tunnels in the spinel structure303-307. Nevertheless, its inferior
cycle capability, especially its severe capacity decay when working at high temperature or high
voltage because of disastrous side reactions, such as Mn3+ disproportionation and dissolution,
etc., is the main obstacle for the commercialization of LNMO.
Generally speaking, the structural stability and the surface states of LNMO are the two most
important factors for excellent electrochemical performance303, 308, 309. On the one hand, spinel
LNMO can be classified into two groups, namely ordered spinel with a simple cubic structure
and space group of P4332, and disordered spinel with a face-centred cubic structure with Fd3̅m
symmetries310, 311. Ni and Mn ions occupy the octahedral sites, connecting with O atoms to
form a 3D octahedral network in both spinels. Note that Ni and Mn occupy the 4b and 12d sites,
respectively, in the P4332 structure and Ni shares the 16d sites with Mn in disordered structure
(Figure 4.1). The structural differences result in different mechanistic behaviour of the ordered
and disordered phases. Apparently, the working plateaus for the Ni2+/Ni3+ and Ni3+/Ni4+ redox
couples are separated in the disordered phase, but are not distinguishable in the ordered phase.
Mechanistically, the ordered phase undergoes multiple two-phase reactions during
Ni2+/Ni3+/Ni4+ redox reactions, whereas the disordered spinel exhibits a solid-solution reaction
and a two-phase reaction during the corresponding Ni2+/Ni3+ and Ni3+/Ni4+ redox couples,
respectively. In addition, in the ordered phase, Mn only exists in the form of Mn4+, while in the
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disordered phase, Mn has +3 and +4 valences, giving rise to the 4 V plateau of the Mn3+/Mn4+
redox reactions310, 312. Electrochemically, the disordered spinel shows better electrochemical
performance due to its higher stability. The degree of Ni/Mn disorder and the concentration of
Mn3+ ions also play important roles in mandating the electrochemical performance of the
disordered phase309, 313. Aside from the intrinsic mechanistic reactions, the Mn3+ dissolution is
the key impediment to the cycling performance of Mn-based electrodes, including LNMOs.

Figure 4.1. Schematic structures of ordered LNMO (P4332) and disordered LNMO (Fd3̅m)

On the other hand, the crystallographic facets of LNMO particles could result in different
electrochemical properties, through mitigating the Mn3+ dissolution and promoting the Li
diffusion during cycling308, 314, 315. For example, some researchers suggested that the densest
(111) planes have the lowest surface energy and the lowest Mn dissolution, which could
contribute to a stable solid electrolyte interphase (SEI) and a resultant excellent cycle life308.
On the other hand, the dissolution of Mn2+ into the electrolyte is proposed to be more likely to
occur at the (110) planes314. There is still debate about this issue, however, and other
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researchers reported that the (100) planes are more stable and favourable to long-term cycling
stability315.
To prepare LNMO materials with good cycling performance, the synthesis method is one of
the key factors and needs to be optimized. Until now, the solid-state method316,

317

, co-

precipitation method318, hydrothermal method319, sol-gel method320, molten salt method321, etc.
have been used to prepare the LNMO materials. Recent studies also show that different
synthesis methods can result in different microstructures and different surface states of the
LNMOs, which have a non-negligible influence on the electrochemical performance, via
shortening the Li diffusion paths for the lithium ions322-324 and limiting the Mn3+ dissolution325.
Surface coating326-328 cation or anion doping329-331, and morphology control87, 332 have also been
applied to improve the cycling performance of LNMO to a certain extent. Despite these earlier
studies, the enhancement mechanisms that act on the cycling properties of LNMO due to this
surface morphology and microstructure are not yet clear and need to be further investigated,
which is crucial, extendable, and desirable for the design and development of novel cathode
materials.
In our previous work, we found that the LNMO/graphene composites with nanorod
morphology featured better electrochemical performances, but the long-term cycling stability
of the nanorod LNMO material is still far from satisfactory333. As the structure and the surface
states are very important for the cycling performance of LNMO, in this work, we designed
LNMOs with different microstructures and different morphologies via the one-pot
hydrothermal-calcination method. We further enhanced the disordered LNMOs with
morphological control and design of the surface orientation using a one-pot hydrothermal
method and subsequent solid-state method. The spherical, nanorod, and hybrid sphere-nanorod
LNMOs

exhibit

excellent,

but

slightly
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Comprehensive and comparative investigations have been performed to illustrate the origins
of the structural and electrochemical properties of these three microstructured LNMO materials
by means of electrochemical evaluation, electron imaging, in operando synchrotron-based Xray diffraction, and ab initio calculations.

4.2 Experimental methods
4.2.1 Material preparation
Three LNMO materials with different morphologies were synthesized separately by the
hydrothermal-calcination method. For the nanorod LNMO, the MnOOH nanorods precursor
was first prepared through a template method, with KMnO4 (97%, Sigma Aldrich) as one of
the raw materials and polyethylene glycol (PEG-400, Sigma Aldrich) as the template. The
detailed preparation process is described in our previous studies333.
For the spherical LNMO, the spherical Ni0.25Mn0.75CO3 precursor was firstly prepared by a coprecipitation method, using NiSO4 (99.99%, Sigma Aldrich) and MnSO4 (99.99%, Sigma
Aldrich) as the raw materials, and NH4HCO3 (99.5%, Sigma Aldrich) as the precipitator. The
obtained precursor was then heated at 160 °C for 3 hours in a Teflon-lined hydrothermal reactor.
After that, the obtained materials were filtered with deionized water and then washed with
ethanol (99.8%, Sigma Aldrich), followed by drying in an oven at 90 °C for 12 hours to obtain
the hollow sphere-like precursors. Then, the obtained precursors were dispersed in deionized
water with the appropriate amount of LiOH·H2O (99.99%, Sigma Aldrich) (5% excess,), stirred
for 3 hours, and dried in an oven at 80 °C for 24 hours. Then, the mixture was moved to a
furnace and air-annealed at 800 °C for 10 h to obtain the sphere-like LNMO material.
The hybrid sphere-nanorod micro-nanostructured LNMO was also synthesized by a one-pot
hydrothermal-calcination method. In this synthesis process, the spherical Ni0.25Mn0.75CO3
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precursor and the MnOOH nanorods precursor were firstly prepared by a hydrothermal process.
Then, the spherical Ni0.25Mn0.75CO3 precursor and the MnOOH precursor were mixed in a 1:1
ratio (by weight), transferred into Teflon-lined hydrothermal reactor, and heated at 160 °C for
3 hours. After that, the obtained materials were filtered and washed with deionized water and
ethanol for many times. After mixing with a Li source, the mixture was moved to a furnace and
annealed at 800 °C for 10 h to obtain the sphere-nanorod-like micro-nanostructured LNMO
material.
4.2.2 Material characterization
The morphology of the prepared samples was characterized by field-emission scanning
electron microscopy (FESEM, NERLIN Compact, Zeiss, Germany), equipped with a Quanta450 SEM instrument, and transmission electron microscopy (TEM, JEOL2100). In addition to
X-ray powder diffraction (XRPD), neutron powder diffraction (NPD) was carried out to
characterize the structure and composition of the active materials on the high-resolution
neutron powder diffractometer ECHIDNA255 at the Open Pool Australian Light Water (OPAL)
research reactor at the Australian Nuclear Science and Technology Organization (ANSTO).
The NPD data were collected over the 2-theta range of 4-164º with a step-size of 0.125º. The
wavelength of the neutron beam was determined to be 1.62157(5) Å using LaB6 standard
reference material 660b. Rietveld refinement was carried out using GSAS-II software334, where
the refining parameters include background coefficients, zero shift, peak shape parameters,
lattice parameter, oxygen positional parameter, site occupancy factors, and isotropic atomic
displacement parameters. The three LNMOs were also characterized using Raman
spectroscopy (Renishaw in Via, Britain using 532 nm excited laser) for structural analysis in
the spectral range from 200 to 800 cm-1.
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The electrochemical properties of the obtained LNMO materials were studied using CR2025
coin-type cells. The CR2025 cells were assembled in a glove box filled with argon (Universal
2440/750, Mikrouna), and the content of oxygen and moisture was less than 0.1 ppm. The
cathode electrode was fabricated by mingling the obtained LNMO material, polyvinylidene
difluoride (PVDF) binder, and conductive carbon black in the mass ratio of 8: 1: 1 with an
adequate amount of N-methyl-2-pyrrolidone (NMP), and then coating the mixture on an
aluminium current collector to form the electrode. The cathode material loading was measured
to be 2-3 mg cm-2. The electrode was dried at 90 °C for 3 hours in an air oven and then diverted
to a vacuum oven and dried at 90 °C for 8 hours to evaporate the excess solvent, then pressed
into circles of diameter 15 mm. Lithium foil and polypropylene membrane (Celgard® 2400)
were used as the counter electrode and separator, respectively. 1 mol L-1 LiPF6 dissolved in a
1: 1 mixture of dimethyl carbonate (DMC) and ethylene carbonate (EC) was prepared and used
as the electrolyte in the batteries. Galvanostatic charge/discharge performance was tested on a
Land 2000T auto-cycler (China) at several current densities in the voltage range of 3.5-4.9 V
vs. Li/Li+ at room temperature. The electrochemical impedance spectroscopy (EIS) tests were
performed using a CHI electrochemical workstation (CHI 660E) in the frequency range from
0.01 to 105 Hz.
The in operando synchrotron-based XRPD experiment was carried out in Australian
Synchrotron, Australia. The preparation method for the customized coin cell can be found
elsewhere241, 335. The wavelength of the synchrotron beam was 0.688800(1) Å, determined by
using the LaB6 standard reference material 660b. The diffraction pattern was continuously
recorded with the acquisition time of 180 s per pattern using an MYTHEN microstrip detector.
The time gap between each pattern was around 828 seconds during discharging and charging
processes. The coin cell for the in operando experiment was tested at 0.1 C (1 C = 147 mA g1

) in the voltage range from 3.5 to 4.9 V.
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The density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP)336-339. For all calculations, the Perdew-Burke-Ernzerhof (PBE)
functional340 and the projector augmented-wave (PAW) technique341 were applied. Geometry
optimization was converged until the energy change was less than 10 -5 eV and the force less
than -0.03 eV/Å. Furthermore, the energy cut-off was set to 400 eV, and the sampling over the
Brillouin zone was treated by a 2×2×1 grid for the surfaces. To avoid the pseudo interactions
of periodic images along the z-axis, a vacuum slab with a thickness of 15 Å was introduced.

4.3 Results and discussion
Figure 4.2a and 4.2b present the hollow spherical material and the nanorod material,
respectively. It can be seen that the diameter of the spherical particles is about 1-2 μm and the
wall thickness of the hollow spheres is about 200-300 nm, whereas the length of the LNMO
nanorods is about 1~2 μm, with diameters of around 300-500 nm. Figure 4.2c shows the
LNMO with hybrid sphere-nanorod-like micro-nanostructured morphology. Compared with
Figure 4.2a and 4.2b, the spheres and the nanorod-like particles in the sphere-nanorod-like
materials are similar in size and shape. It is noteworthy that the nanorod-like and spherical
hollow particles are connected to each other in the hybrid sample, reducing the barrier energy
and easing the lithium migration, which makes its electrochemical performance significantly
different from the physical mixture of the nanorod and spherical samples.
The microstructure and surface morphology of the three LNMO samples were further
characterized by TEM and high-resolution TEM (HRTEM), as shown in Figure 4.2d, 4.2e and
4.2f. In Figure 4.2d, the structure of the sphere-like sample was examined. It showed lattice
spacing of 0.29 nm, corresponding to the (220) lattice planes. Figure 4.2e displays an overview
of the structure of the nanocrystals of the nanorod-like LNMO material, and the internal
HRTEM image shows clear lattice fringes with the lattice spacing of 0.47 nm, corresponding
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to the interplanar spacing for the (111) planes. As for the hybrid LNMO material, an overview
of the structure and an HRTEM image of the lattice fringe patterns of the selected sphere-like
and nanorod-like particles are displayed in Figure 4.2f. The lattice spacing of the circled sphere
particle is 0.29 nm, indicating that the sphere particles grow along the [220] direction, whereas
the nanorod-like particles show the lattice spacings of 0.37 nm and 0.47 nm, indexed to the
(210) and (111) planes respectively. Accordingly, the three LNMO samples with different
surface morphologies show different preferred orientations, and a new (210) plane was detected
in the sphere-nanorod sample, which may have different effects on the electrochemical
properties of LNMO materials.

a

b

c

d

e

f

g

h

i

f

Figure 4.2. SEM images of LNMO materials with different microstructures: a) spheres, b)
nanorods, c) the hybrid material; TEM images of LNMO materials with different surface
microstructures: d) spheres, e) nanorods, and f) the hybrid material. Insets of the panels are
HRTEM images of the corresponding selected area (marked by green lines); Rietveld
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refinement profiles for the NPD data for (g) spheres, (h) nanorods, and (i) the hybrid LNMO
(weighted profile R-factor, Rwp = 5.38, 5.17, and 4.90%; goodness-of-fit (GOF) = 2.32, 2.35,
and 2.01, respectively).
The XRPD patterns of the three LNMOs are similar, as shown in Figure 4.3. To further identify
the structural and crystallographic details of the three samples, NPD was adopted because of
the better elemental contrast between Ni and Mn, and the higher sensitivity towards Li and O
of the neutrons252. This superiority derives from the unique coherent scattering lengths of
different elements. For instance, in the LNMO system, Li, Ni, Mn, and O have the values of 1.9, 10.3, -3.7 and -5.8 fm (1fm = 10-13 cm), respectively8.

Figure 4.3. XRPD pattern of LNMO with spherical, nanorod-like and hybrid sphere-nanorod
morphologies, respectively.
The Rietveld refinement results are shown in Figure 4.2g-4.2i and Tables 4.1-4.3, respectively.
All three samples were refined to be cubic with the Fd3̅m group symmetry. Among them, the
nanorod sample features the largest lattice parameter of 8.1801(7) Å and cell volume of 547.3(1)
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Å3, followed by hybrid sphere-nanorod sample and the sphere sample. Interestingly, it is found
that the ratio of Ni ions to Mn ions in the unit cells of the three samples are all refined to be
around 1:4, which may lead to an increased concentration of Mn3+ as a result of less Ni2+
content. Considering that Mn3+ has a larger ionic radius (0.645 Å) than Mn4+ (0.53 Å), the
increased Mn3+ content probably accounts for the larger lattice parameter than that in our
previous report342.
Table 4.1 Phase fraction in three LNMO samples obtained from Rietveld refinements.

Weight fraction

LNMO ( Fd3̅m )

LNMO

Li0.208Ni1.792O2

Li0.3Mn2O4

(P4332)
Sphere LNMO

81.8 wt%

2.7(2) wt%

5.2(2) wt%

4.3(2) wt%

Nanorod

77.6 wt%

8.1(3) wt%

6.6(1) wt%

7.7(2) wt%

89.1 wt%

2.5(2) wt%

5.5(2) wt%

2.9(1) wt%

LNMO
Hybrid spherenanorod
LNMO

Table 4.2 Crystallographic details in three LNMO samples.
Sphere LNMO Space group = Fd3̅m
a = 8.1705(4) Å, volume = 545.44(8) Å3
Atom

Wyckoff

x

y

z

Uiso (Å2)

Site
occupancy

site

factor
Li

8a

0.125

0.125

0.125

0.015(2)

1

Ni

16d

0.5

0.5

0.5

0.010(2)

0.195(3)
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Mn

16d

0.5

0.5

0.5

0.010(2)

0.805(3)

O

32e

0.26311(8)

0.26311(8)

0.26311(8)

0.0100(4)

1

Uiso (Å2)

Site

Nanorod LNMO Space group = Fd3̅m
a = 8.1801(7) Å, volume = 547.3(1) Å3
Atom

Wyckoff

x

y

z

occupancy
site

factor

Li

8a

0.125

0.125

0.125

0.010(2)

1

Ni

16d

0.5

0.5

0.5

0.016(3)

0.181(4)

Mn

16d

0.5

0.5

0.5

0.016(3)

0.819(4)

O

32e

0.2627(1)

0.2627(1)

0.2627(1)

0.0084(4)

1

Hybrid sphere-nanorod LNMO Space group = Fd3̅m
a = 8.1746(1) Å, volume = 546.27(3) Å3
Atom

Wyckoff

x

y

z

Uiso (Å2)

Site
occupancy

site

factor

Li

8a

0.125

0.125

0.125

0.012(1)

1

Ni

16d

0.5

0.5

0.5

0.006(2)

0.202(3)

Mn

16d

0.5

0.5

0.5

0.006(2)

0.798(3)

O

32e

0.26309(8)

0.26309(8)

0.26309(8)

0.0096(2)

1
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Table 4.3 Bond length obtained from Rietveld refinements in three samples.
Bond length

Sphere LNMO

Nanorod LNMO

(Å)

Hybrid spherenanorod LNMO

Li-O bond

1.9545(4)

1.9516(5)

1.9552(4)

Mn-O bond

1.9414(7)

1.9464(9)

1.9426(6)

It should be noted that the degree of Ni/Mn disorder and the concentration of Mn3+ ions are
critical for mandating the electrochemical performance of the disordered phase309, 313. Besides,
the Ni: Mn ratio (1:4) makes it different from the typical LiNi0.5Mn1.5O4 (1:3) material. Our
refinement profiles also show that LNMO in the three samples exists in both ordered and
disordered phases, where the disordered content accounts for the majority. Meanwhile, minor
impurities are refined to include the rock-salt LixNi2-xO2 phase (space group Fm 3̅ m,
ICSD#71422) and spinel LixMn2O4 phase (space group Fd3̅ m, ICSD#50415), which were
probably introduced during the sintering process. We note that the sample with hybrid
morphology contains the least impurities compared to the other two samples, with LNMO
accounting for 91.6(2) wt% of the composite. Although the impurity phases inevitably decrease
the capacity of the electrode, their influence on the battery electrochemical performance will
be ignored in the following discussion due to the minor nature of their content. Last but not
least, the lengths of the Li-O bonds and Mn(Ni)-O bonds were also investigated. It is shown
that the hybrid LNMO has the longest Li-O bond length of 1.9552(4) Å, implying easy Li
insertion into/extraction from the tetrahedral sites during the cycling process, and the longest
Mn-O bond is in the nanorod LNMO, also implying instability of the octahedra in the structure.
Furthermore, Raman spectroscopy was also used to further analyze the LNMO materials, and
the results are shown in Figure 4.4. Similarly, as per the results in the literature311, 343, the two
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main Raman bands peaking at about 487-489 and 623-624 cm-1 can be assigned to the Ni2+-O
stretching mode and the Mn-O stretching vibration of MnO6 groups, respectively, consistent
with the features of the Fd3̅m space group of LNMO.

Figure 4.4 Raman spectra of obtained LNMO materials with different microstructure.
The electrochemical performances of these three LNMO materials at room temperature were
evaluated. The first discharge curves of these samples at 1 C in the voltage range between 3.5
and 4.9 V (vs. Li/Li+) are presented in Figure 4.5a. All the curves at 1 C show similar features
in their discharge behaviour with two long plateaus at around 4.7 V and a short plateau at or
near 4.0 V. The plateaus at ~4.7 V are attributed to the Ni4+/Ni3+/Ni2+ redox couple, while the
plateau at ~4.0 V is ascribed to the Mn3+/Mn4+ redox couple, which confirms the conclusion
drawn in the Rietveld refinements that Mn3+ exists in the LNMO311. At 1 C, the total discharge
capacities of the sphere LNMO, nanorod LNMO, and hybrid LNMO are 117.1, 96.9, and 124.2
mAh g-1, respectively. To clarify the importance of the one-pot synthesis for hybrid LNMO, a
mechanical mixture of sphere-like and nanorod-like LNMO (in a mass ratio of 1:1) was also
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prepared and evaluated for comparison purposes. The three microstructured LNMOs and the
mechanical mixture of LNMOs were tested for 100 cycles at 1 C (Figure 4.5b). After the 100
cycles at 1 C, the hybrid LNMO delivered the highest discharge capacity (122 mAh g-1),
significantly higher than those of the sphere-like, nanorod, and mixed LNMOs (115.4, 97.7,
106.2 mAh g-1, respectively). Furthermore, Figure 4.5c displays the rate capabilities of these
three samples at various current densities between 0.1 C and 10 C, each sustained for 8 cycles.
With the current density increased from 0.1 C to 10 C sequentially, the capacities of the hybrid
and sphere LNMOs were much higher than that of the nanorod sample, especially at the high
rates of 5 C and 10 C. For example, the hybrid LNMO material delivered a capacity of 108
mAh g-1, while the sphere LNMO delivered 105 mAh g-1 and the nanorod LNMO only
exhibited 72 mAh g-1 at 10 C. More importantly, when the current density was returned to 0.1
C, the capacities for all these three materials were higher than the initial values, which may be
related to wetting and electrochemical activation processes. It is believed that this is the reason
for the increasing trend in the capacities at the initial stage for these three samples.

103

Chapter 4

Figure 4.5 Electrochemical behaviour of the LNMO samples at room temperature. (a) Initial
discharge curves at 1 C, (b) cycling performance at 1 C, (c) rate capabilities at various current
densities, (d) Nyquist plots, with the inset showing the equivalent circuit used to fit the EIS,
and (e) long-term cycling performances of the four samples at 10 C.
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Figure 4.5d shows the EIS plots of the three samples, and the inset is the equivalent circuit,
with the corresponding fitting parameters shown in Table 4.4. All the EIS plots contain a
semicircle in a high-frequency region corresponding to the charge transfer resistance (Rct), and
a straight line in the low-frequency region related to the Warburg impedance (Zw), which is
associated with the solid phase diffusion of Li-ion in the electrodes344, 345. In addition, in the
equivalent circuit, Cd2 is placed to represent the double-layer capacitance, while Cd1 and RI are
the insertion capacitance and resistance at the applied potential. We found that the hybrid
LNMO had lower charge transfer resistance (Rct) than the other samples, which is beneficial to
the kinetic behaviour during charge/discharge processes, and thus favourable to enhance the
electronic conductivity. It also had the longest Li-O bond lengths, as determined in NPD,
supporting the best rate performance obtained in the cycle tests.
Table 4.4 The corresponding parameters of the hybrid sphere-nanorod-like LNMO material,
single sphere LNMO and nanorod LNMO material.
Rs/Ω

Rct/Ω

RI/Ω

Cd1/10-5F

Cd2/10-6F

6.021

224.4

25.71

1.441

1.439

Nanorod

5.569

346.5

54.14

5.322

6.374

Sphere

5.422

235.5

34.65

2.245

6.155

Samples
Hybrid spherenanorod

At 10 C, the first discharge capacities of the hybrid sphere-nanorod-like LNMO, the single
sphere LNMO, the mechanical mixture, and the single nanorod LNMO were 95.9, 86.6, 81.7,
and 58.8 mAh g-1, respectively. After 1000 cycles at 10 C, however, the sphere-nanorod
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microstructured LNMO material could still deliver a capacity of 107.4 mAh g-1, demonstrating
the excellent cycling performance of the hybrid LNMO, even at high C rates (Figure 4.5e). To
conclude, at 1 C discharge, all these three samples showed good cycling performance, whereas
at 10 C, the hybrid LNMO material displayed the best cycling stability with the highest
discharge capacity. There was no obvious capacity decay at high current density even after the
1000 cycles. It should be noted that the hybrid LNMO not only shows a higher capacity, but
also better cycling performance than the mixed LNMO, demonstrating the necessity of the onepot synthesis and the bridging features between the nanorod-like and spherical hollow particles,
as observed in the hybrid LNMO.
In short, the LNMO materials with various microstructures exhibited excellent but different
electrochemical performances, especially at high current density. In order to further reveal the
underlying mechanism of enhanced electrochemical performance in the hybrid morphology
LNMO, in operando synchrotron-based XRPD was used to illustrate the differences in the
structural changes and phase evolution of the three samples during the charging and
discharging processes (shown in Figure 4.6). As mentioned above, ordered and disordered
LNMOs show different electrochemical behaviour during the lithiation and delithiation
processes346. It was reported that the typical ordered LiNi0.5Mn1.5O4 undergoes two cubic/cubic
two-phase reactions during the charging process, from LiNi0.5Mn1.5O4 (a = 8.17Å) to
Li0.5Ni0.5Mn1.5O4 (a = 8.09 Å) and finally to Ni0.5Mn1.5O4 (a = 8.00 Å)32. On the other hand,
the typical disordered LiNi0.5Mn1.5O4 phase undergoes the combination of a solid-solution
reaction at the Ni2+/Ni3+ redox couple at the voltage of around 4.6 V (vs. Li/Li+, from
LiNi0.5Mn1.5O4 to Li0.5Ni0.5Mn1.5O4) and a two-phase reaction during the Ni3+/Ni4+ redox
couple stage at approximately 4.7 V (vs. Li/Li+, from Li0.5Ni0.5Mn1.5O4 to Ni0.25Mn0.75O2)342.
Generally speaking, the two-phase reactions usually involve phase segregation and grain
boundary movement, inevitably leading to the problems of active material pulverization and
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electrical contact loss from the current collectors252. It should be noted that, in our work, the
major phase in LNMOs is LiNi0.4Mn1.6O4 with a Ni: Mn = 1:4 ratio, considering that 20% of
Ni2+ is replaced by Mn3+. The phase evolutions of these LNMOs are expected to be similar, but
also come with slight differences. The solid-solution reaction (one-phase reaction) is generally
preferable due to its having fewer structural changes and higher transformation reversibility.
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Figure 4.6 In operando synchrotron-based XRPD profiles of (a) sphere, (b) nanorod, and (c)
hybrid LNMOs with i) stacking and ii) contour plots of synchrotron-based XRPD in the
selected 2-theta region, showing the evolution of (111) reflections of LNMO, iii) variation of
d spacing of LNMO during charge and discharge, and iv) the corresponding charge-discharge
curves at 0.1 C.
To show the peak shift and new peak occurrence in more detail, a selected region of 2-theta
has been exhibited, and the 111 reflections of LNMO phase were chosen to illustrate the
structural response of disordered LNMO. Meanwhile, the peak position evolution of the (511)
reflection is also shown in Figure 4.7.

Figure 4.7 In operando synchrotron-based XRPD data of (a) sphere LNMO, (b) nanorod
LNMO, and (c) hybrid sphere-nanorod LNMO, showing the evolution of (111) and (511)
reflections alongside the electrochemical charge/discharge curve.
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From Figure 4.6, it can be obtained that all LNMOs suffer a solid-solution reaction and a
subsequent two-phase reaction, corresponding to the redox couples of Mn 3+/Mn4+, Ni2+/Ni3+,
and Ni3+/Ni4+, respectively, in the charging process, similar to those of typical LiNi 0.5Mn1.5O4
reported in the previous literature342. In the case of the charging behaviour, we can see that the
solid-solution reaction contributes 68.9% (~0.69 Li), 63.6%, and 56.8% to the capacities of the
hybrid, sphere-like, and nanorod-like LNMOs, demonstrating that the hybrid LNMO exhibits
the best structural stability and tolerance, so that it allows more Li to be extracted. This
observation explains why the hybrid LNMO has the best cycling performance at 1 and 10 C
rates. Although the two-phase reaction at the high charge stage constitutes of less than 50% of
the capacity and is not avoidable, its reasonable reversibility on discharge does not harm the
cycling performance of the LNMOs to any significant degree. When extra attention is paid to
the discharge behaviour, during the solid-solution stage, the peak location of the (111)
reflection continuously shifts to lower angles, corresponding to a lattice deformation with an
increasing lattice parameter and cell volume upon the insertion of Li. The existence of a rapid
structure breakdown, which is highlighted by the red boxes in the contour plots and inevitably
leads to structural instability, in both the sphere-like and the nanorod-like LNMOs, may be the
culprit in the poorer cycling performance. In comparison, the hybrid LNMO features a smooth
structural deformation during discharge, and its peak returns to almost its initial position at the
end of discharging, which indicates the excellent structural stability of the hybrid LNMO
sample.
For high-voltage and Mn-based cathodes, the dissolution of Mn3+ ions, under the effects of
electrolyte decomposition, HF attack, high current, and high voltage is another major concern
for the cycle performance347, 348. From Figure 4.2, it can be obtained that the three LNMO
samples with different surface morphologies show different preferred orientations, which may
result in different degrees of side reactions in the LNMO materials. Therefore, to evaluate the
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influence of the morphology and resultant surface facets on the issue of Mn3+ dissolution,
density functional theory (DFT) calculations were performed using the Vienna ab initio
Simulation Package (VASP)336-339. It is worth mentioning that the model of LNMO was
designed as LiNi0.5Mn1.5O4 to simplify the calculation issues.
According to above experimental observations in HRTEM (Figure 4.2), several representative
surfaces were constructed, and VASP was employed to perform DFT calculations on the
formation energies of Mn defects on different surface facets (as depicted in Figure 4.8),
according to the following equation:

LiNi0.5 Mn1.5O4 (surf .)  LiNi0.5Mn1.5 xO4 (surf .)  xMn
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Figure 4.8 Theoretical models for (a) (001), (b) (110), (c) (111), and (d) (210) surfaces of
LiNi0.5Mn1.5O4 material.
The calculation results listed in Table 4.5 clearly show that the Mn species on (100), (110),
(210), and their equivalent (i.e. (010) or (101) ones) surfaces are stable, although the dissolution
of Mn ions from (111) and equivalent surfaces is easy.
Table 4.5 Formation energies (FE, in eV) of Mn defects on different surfaces and relevant
Bader charges (BC, in e) a.

a

(100)

(110)

(111)

(210)

FE

10.627

7.831

5.0471

9.112

BC

1.513

1.390

0.994

1.440

Due to the symmetry, many surfaces are equivalent, i.e. (100), (100), and (010) ones.

As a result, it can be expected that LNMO materials with exposed (111) and equivalent facets
will be unstable and suffer from capacity reduction during repeated charging/discharging
cycles, while the LNMO with exposed (100), (110), (210), and equivalent facets will exhibit
excellent stabilities. The corresponding equivalent surfaces of these three LNMO samples and
the formation energies of Mn ion dissolution from the corresponding surfaces are summarized
in Figure 4.9. Although a very recent investigation suggested that the dissolution energy of
Mn follows the order of (111) > (100) > (110)349, our calculations have clearly shown that the
stability of Mn ions on the surface is strongly correlated with the Mn-O coordination. For the
(100) clean surface, Mn is 5-fold coordinated with oxygen, whereas the coordination number
of Mn ions on the outermost layer of the (111) clean surface is reduced to 3, which leads to
lower dissolution energy and is responsible for their lower stability on the surface. Therefore,
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as shown in the TEM images (Figure 4.2), the hybrid LNMO with dominant (111) and (210)
facets should exhibit less Mn dissolution compared with the sphere-like (with (220) facets) and
nanorod-like (with (111) facets) LNMOs.

Figure 4.9 Corresponding equivalent surfaces of (a) sphere, (b) nanorod, and (c) hybrid LNMO
samples, and the Mn ion dissolution from the corresponding surfaces. More details could be
found in Figure 4.8 and Table 4.5.
In short, the hybrid LNMO exhibits the best electrochemical performance for the following
reasons:
1) The longest Li-O bond of 1.9552(4) Å exists in the hybrid LNMO, as confirmed by Rietveld
refinement, which is coupled with the lowest charge transfer resistance from the EIS results,
confirming the ease of Li insertion into/extraction from the tetrahedral sites.
2) Most of the capacity is contributed by the solid-solution behaviour (up to 0.69 Li) in hybrid
LNMO, unlike the other two samples, ensuring the structural stability of its LNMO material
during the cycling process. Moreover, the absence of rapid structural deformation on discharge
and the relatively short Mn-O bond length in hybrid LNMO also helps to stabilize the spinel
structure.
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3) The dominant surface plane (210) in the hybrid sample shows the least Mn dissolution, as
indicated by the ab initio calculations, as further confirmed by its cycling stability under longterm testing at 1 and 10 C.

4.4 Conclusion
In this paper, LNMO materials with a Ni/Mn ratio of 1:4 and various morphologies have been
successfully prepared by a one-pot hydrothermal-calcination process. Notably, the hybrid
sphere-nanorod-like micro-nanostructured LNMO material reveals outstanding high rate
performance and excellent cycling stability. Through chemical and morphological controls, we
introduced a large Li-O bond length and low charge transfer resistance into the hybrid LNMO,
leading to superior rate capability. Meanwhile, the in operando synchrotron-based XRPD
results show that the hybrid LNMO delivered up to 69% charging capacity through a solidsolution reaction and experienced smooth structural deformation during discharge, which
accounts for its excellent structural stability during the cycling process. Moreover, theoretical
calculations also indicate that the existence of (210) planes in the hybrid LNMO could help to
alleviate the side reactions leading to Mn dissolution, further ensuring its cycling stability. This
work not only demonstrates the successful preparation of a high-performance, high-voltage
spinel through chemical and morphological modifications, but also provides insight into the
origins of its electrochemical behaviour and its enhancement mechanisms.
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Chapter 5: A long cycle-life high-voltage spinel lithium-ion battery electrode
achieved by site-selective doping
We have shown the great success of morphology control on modifying the electrochemical
performance of LNMO materials in Chapter 4. Besides, in this chapter, we employ the novel
site-selective doping strategy to improve the electrochemical performance of LNMO materials.
In this work, Mg is selectively doped onto both tetrahedral (8a) and octahedral (16c) sites in
the Fd3m structure. This site-selective doping not only suppresses unfavourable two-phase
reactions and stabilizes the LNMO structure against structural deformation, but also mitigates
the dissolution of Mn during cycling. Mg-doped LNMOs exhibit excellent electrochemical
performance, retaining ~86% and ~87% of initial capacity after 1500 cycles at 1 C and 2200
cycles at 10 C, respectively. Such excellent electrochemical performance is also reflected in
prototype full-batteries with novel TiNb2O7 counter electrodes. This work pioneers an atomicdoping engineering strategy for electrode materials that could be extended to other energy
materials to create high-performance devices.

This section is adapted from the article named “A long cycle-life high-voltage spinel lithiumion battery electrode achieved by site-selective doping” (by Gemeng Liang et al., Angew.
Chem. Int. Ed. 2020, 59, 10594–10602) with permission from Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.

5.1 Introduction
LIBs form an important part of our daily life, powering portable electronic devices, as well as
electric and hybrid electric vehicles, due to their long-service life, high energy density, and
reasonably low environmental impact.350-352 Considering the significant technological
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revolution brought about by LIBs, the 2019 Nobel Prize in Chemistry was awarded to John B.
Goodenough, M. Stanley Whittingham, and Akira Yoshino for their invaluable contribution to
the development of LIBs. However, further enhancement is still needed to meet the increasing
requirements of rapidly developing technologies. Intense effort is focused on the development
of electrode materials for LIBs with high specific capacity and energy density.352 Spinel LNMO
is considered one of the most promising electrode candidates for next-generation high energydensity LIBs due to its high operating voltage of 4.7 V vs. Li/Li+, high energy density
approaching 650 Wh kg-1, low fabrication cost, and fast lithium diffusion.17, 126 Unfortunately,
LNMO suffers from rapid capacity decay and unsatisfactory cycle stability, limiting its
practical application and commercialization.16, 17, 22 To enhance the electrochemical stability of
LNMO, various doping strategies have been widely adopted.97,

98, 124

Although the

electrochemical performance of LNMO is enhanced through doping, the mechanism by which
the performance is improved remains unclear, with the chemistry- and structure-function
relations for chemically-modified LNMOs relatively unknown.
Lin et al. explored the atomic structure evolution of functioning LNMO by aberration-corrected
STEM.53 Interestingly, Mn3O4-like spinel and rock-salt structures were found to form on the
surface and subsurface of LNMO particles, due to the migration of transition metals (TM) into
tetrahedral (8a sites of Fd3̅m) and octahedral sites (16c sites of Fd3̅m), respectively. These
irreversible phase transformations initiated through TM migration lead to the TM dissolution
and increased charge transfer impedance, severely deteriorating battery performance. Xiao et
al. used atomic layer deposition (ALD) coupled with post-treatment to incorporate Ti4+ into
surface Fd3̅ m 8a sites,109 with this relieving impedance accumulation and alleviating side
reactions at the electrode-electrolyte interphase. Piao et al. doped Al3+ into empty Fd3̅m 16c
octahedral sites at LNMO surface by ALD and heat treatment,117 suppressing TM dissolution
and reducing side reactions with the electrolyte. Therefore, doping at both tetrahedral and
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octahedral sites is evidently the key to the structural stabilization of LNMO during long-term
cycling. Moreover, a facile and low-cost atomic-doping-engineering strategy to effectively
improve LNMO performance is also urgently needed.
Herein, we proposed a strategy to dope Mg into LNMO that site-selectively targets both 8a and
16c crystallographic sites within the Fd3̅m structure through a facile solid-state-reaction. The
similar ionic radii of Mg ions at both tetrahedral and octahedral sites in LNMO (0.57 and 0.72
Å, respectively) avoids significant structural distortion.353 This work extends on previous work
reporting electrochemical properties of Mg-doped LNMO,96-98, 354-357 revealing the effects of
Mg doping on the LNMO structure using a range of crystallographic, local structure, as well
as morphological characterization tools. We report in detail the chemistry- and structurefunction relations of Mg-doped LNMO for the first time, applying electrochemical testing
alongside in operando synchrotron-based X-ray powder diffraction (XRPD) and neutron
powder diffraction (NPD) to confirm the role of the Mg dopant in suppressing Mn dissolution,
stabilization of the spinel structure, and modifying LNMO phase transformations during
cycling. Further, the excellent performance of the Mg-doped LNMO electrode is coupled with
a TiNb2O7 (TNO) electrode in a full-cell configuration, verifying further the success of our
site-selective doping strategy. Importantly, as Mg2+ can occupy tetrahedral or octahedral sites
in a variety of structures such as octahedral sites in MgO and tetrahedral sites in MgAl2O4, this
doping strategy can be easily extended to other electrode materials to enhance battery
electrochemical performance and extend cell service life. Finally, the high natural abundance
of Mg in the Earth’s crust makes it low cost as a promising dopant.358
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5.2 Experimental methods
5.2.1 Material synthesis
As prepared and Mg-doped LiNi0.5Mn1.5O4 (LNMO) were synthesized by a solid-state reaction.
Typically, stoichiometric Li2CO3 (Sigma Aldrich, 99.99%), MnO2 (Sigma Aldrich, 99.99%),
NiO (Sigma Aldrich, 99.99%), and dopant MgO (Sigma Aldrich, 99.99%) for Mg-doped
LNMO, were mixed thoroughly by ball milling at 300 revolutions per minute for 12 h.
Subsequently, the mixture was transferred to muffle furnace and calcined at 850 °C for 10 h
after heating at 5 °C per minute. LiNi0.5Mn1.5O4, LiMg0.05Ni0.5Mn1.5O4, LiMg0.1Ni0.5Mn1.5O4,
and LiMg0.15Ni0.5Mn1.5O4 are abbreviated to LNMO, Mg0.05-LNMO, Mg0.1-LNMO, and
Mg0.15-LNMO, respectively, in the following discussion.
TiNb2O7 (TNO) as an electrode for use in full cells was prepared by mixing Nb2O5 (Sigma
Aldrich, 99.99%), TiO2 (Sigma Aldrich, 99.99%) and excess water and ball-milling for 12 h to
form a homogenous mixture, followed by spray-drying. The obtained material was
subsequently sintered in air at 1000 °C for 12 h to yield fine TNO powder.
5.2.2 Material characterization
The morphology of the active materials was examined by scanning electron microscopy (SEM,
JEOL JSM 7500) and aberration-corrected transmission electron microscopy (TEM, JEOL
ARM-200F). Energy dispersive spectroscopy (EDS) and scanning TEM high-angle annular
dark-field (STEM HAADF) characterization were also performed using a JEOL ARM-200F.
Fourier transform infrared spectroscopy (FT-IR) spectra were collected on a PerkinElmer FTIR Spectrometer Frontier instrument. X-ray photoelectron spectroscopy (XPS) data were
recorded using an ESCALAB 250Xi spectrometer with Al K radiation. The XPS binding
energy was calibrated by adjusting the C 1s peak at 284.8 eV. Thermogravimetric analysis
117

Chapter 5
(TGA) was carried out on a PerkinElmer TGA 8000 instrument. Electron paramagnetic
resonance (EPR) spectra were recorded at room temperature using the conventional Bruker Xband ELEXSYS E 500 CW spectrometer operating at 9.5 GHz with the microwave power of
0.6346 mW and magnetic induction ranging from 0 to 1.4 T. The first derivative of the
absorption spectrum was recorded as a function of the applied magnetic induction. In spinel
LNMO, the EPR signal mainly originates from paramagnetic Mn4+ ions and interactions in the
Mn4+-Mn3+ paramagnetic system. Simulation of the EPR spectra was carried out using Voigt
fitting with parameters including the position of the resonance line g0, the linewidth of the
resonance line ΔB0 and the contribution of the Lorentz line (L) to the total signal of each
paramagnetic ion.
XRPD was carried out on a PANalytical Empyrean using Cu K radiation. NPD was
performed on the high-resolution neutron powder diffractometer ECHIDNA,255 at the Open
Pool Australian Light water (OPAL) research reactor at the Australian Nuclear Science and
Technology Organization (ANSTO). High-resolution NPD data were collected in the angular
range 4-164º with the step size of 0.125º using neutrons of wavelength 1.62128(2) Å
determined using the La11B6 National Institute of Standards and Technology (NIST) standard
reference material 660b. Joint Rietveld refinement against the XRPD and NPD data was
performed using the GSAS-II software,334 where refined parameters included background
coefficients, zero shift, peak shape parameters, lattice parameters, scale factor, site occupancy
factors, oxygen positional parameters, and isotropic atomic displacement parameters.
5.2.3 Electrochemical evaluation
LNMO active material (LNMO or Mg-doped LNMO), polyvinylidene difluoride (PVDF), and
carbon black (super P) were mixed in the N-methyl-2-pyrrolidone (NMP) solution in the weight
ratio 8:1:1 to form a uniform slurry. The homogeneous slurry was printed onto aluminium foil
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using a doctor blade and dried in a vacuum oven at 120 °C for 12 h to remove the solvent.
When the temperature dropped to 25 °C, the dried electrodes were pressed and cut into circles
of diameter 10 mm. Half-cell (CR2032-type coin cell) assembling was carried out in an Arfilled glovebox with the moisture and oxygen level below 1 ppm. Lithium foil and Celgard ®
2400 polypropylene film were employed as the counter electrode and separator, respectively.
The electrolyte solution was composed of 1 M LiPF6 in a 1:1 volume ratio mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC). Galvanostatic charge/discharge testing was
carried out at 3.5-4.9 V using a Neware cell testing system at room temperature. Cyclic
voltammetry (CV) was performed on a VMP3 electrochemical workstation at different scan
rates between 3.5 V and 4.9 V. Electrochemical impedance spectroscopy (EIS) measurements
were performed on the same instrument with a disturbance amplitude of 5 mV between 100
kHz and 10 mHz.
5.2.4 In operando and ex situ mechanistic studies
In operando synchrotron-based X-ray diffraction experiments were conducted at the Powder
Diffraction beamline at Australian Synchrotron in Melbourne, Australia. A customized
CR2032 coin cell was prepared where 4 mm holes were punched in both positive and negative
side caps to allow synchrotron beam transmission. Aluminium and copper conductive tape
(3M®) were used to cover the hole on the positive and negative caps, respectively, to avoid
exposure to air. The wavelength of the synchrotron X-ray beam was 0.688800(1) Å determined
using the La11B6 NIST standard reference material 660b. The customized coin cells were tested
at 0.1 C (10 h for one charge/discharge process) between 3.5 and 4.9 V (vs. Li/Li+). Diffraction
patterns were recorded with an exposure time of 3 minutes using the MYTHEN microstrip
detector359 with an interval between acquisitions of 828 s.
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Synchrotron X-ray absorption spectroscopy (XAS) and soft X-ray (SXR) measurements were
carried out at the wiggler XAS Beamline (12ID) and soft X-ray beamline, respectively, at
Australian Synchrotron. Electrodes of LNMO and Mg0.1-LNMO were extracted from coin
cells at different states of charge and measured in fluorescence mode to acquire Mn and Ni Kedge XAS spectra, including both X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra. SXR measurements were measured
in fluorescence mode and targeted at Mg K-edge.360 LiMnO2 and MnO2 were employed as
Mn3+ and Mn4+ references, respectively, while NiO and LiNiO2 were used as Ni2+ and Ni3+
references, respectively. The obtained data were processed using the Demeter software.361
Standard 18650-type batteries were assembled at the Industrial Technology Research Institute
(ITRI) of Taiwan and used for in operando NPD experiments. The full batteries contained
TiNb2O7 (TNO) and LNMO or Mg0.1-LNMO electrodes. The full cells were TNO-limited to
improve electrochemical performance as reported by Han et al.216 Both electrodes were
fabricated by coating a slurry composed of active material (94 wt.%), carbon black (3 wt.%),
and PVDF binder (3 wt.%) in NMP onto an aluminium current collector. The active material
loading of the positive and negative electrodes was around 25 and 13 mg cm-2, respectively.
Celgard separator was used in the full batteries, considering the high cost of our previously
used Immobilon-P PVDF film and adequate diffraction signal from a large amount of active
materials.6 Around 5 g electrolyte composed of 1 M LiPF6 in EC: DMC (1:2 weight ratio) was
injected into each full battery. The electrochemical performance of the full batteries was tested
at 0.1 A on a Maccor series 4000 (USA) at room temperature between 1.5 and 3.5 V. In
operando NPD data of the full batteries were collected on Wombat,298 the high-intensity
neutron powder diffractometer at the OPAL research reactor at ANSTO. The neutron beam
wavelength was determined to be 2.4122(3) Å using the La11B6 NIST standard reference
material 660b. Diffraction data were recorded with an exposure time of 4 minutes over the
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angular range 20-136.9º. The electrochemical data from these batteries were simultaneously
collected using an Autolab potentiostat/galvanostat (PG302N). Single peak fitting of the
LNMO 222 reflection was performed using the Large Array Manipulation Program
(LAMP).362

5.3 Results and discussions
5.3.1 Morphology and crystal structure characterization
Scanning electron microscopy (SEM) images of LNMO and LNMO doped with different Mg
concentrations are displayed in Figure 5.1, showing that the addition of Mg dopants doesn’t
substantially influence the shape or size of the particles. LiNi0.5Mn1.5O4, LiMg0.05Ni0.5Mn1.5O4,
LiMg0.1Ni0.5Mn1.5O4, and LiMg0.15Ni0.5Mn1.5O4 are abbreviated to LNMO, Mg0.05-LNMO,
Mg0.1-LNMO, and Mg0.15-LNMO, respectively, in the following discussion.
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Figure 5.1 SEM images of (a) LNMO, (b) Mg0.05-LNMO, (c) Mg0.1-LNMO, and (d)
Mg0.15-LNMO (scale bar 1μm).
Figure 5.2a and 5.2b show SEM and transmission electron microscopy (TEM) micrographs,
respectively, of Mg0.1-LNMO sample, noting that the truncated-octahedron morphology is
similar to LNMO previously reported.84,

88

Energy dispersive spectroscopy (EDS) results

(Figure 5.2c) confirm the uniform distribution of Ni, Mn, Mg, and O in the Mg0.1-LNMO
sample. Figure 5.2d shows in detail the selected area in Figure 5.2b. Two different facets of
the truncated octahedron are revealed in high-resolution TEM images, corresponding to the
(222) plane with a lattice spacing of ~0.23 nm (Figure 5.2e)188, 363 and the (400) plane with an
interplanar distance of ~0.20 nm (Figure 5.2f)84 of the highly crystalline Fd3̄m structure.

Figure 5.2 (a) SEM and (b) TEM images of Mg0.1-LNMO; (c) Elemental mapping for Ni, Mn,
Mg and O within the Mg0.1-LNMO particles; (d) enlargement of the selected zone in (b); (e)
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and (f) high-resolution TEM images corresponding to the two regions in (d); typical STEM
HAADF images of (g) LNMO and (h) Mg0.1-LNMO; (i) enlarged region of the light blue box
in panel (g) ; (j) line profile corresponding to blue lines in panel (i); (k) enlargement of the
yellow box region in panel (h); (l) and (m) line profiles corresponding to purple and olive lines
in panel (k), respectively.
To verify our site-selective doping and better understand the structural differences induced by
Mg doping, STEM was employed in high-angle annular dark-field (HAADF) mode, enabling
direct observation of the atomic-level crystal structure. The STEM HAADF images of LNMO
and Mg0.1-LNMO (Figure 5.2g and 5.2h, respectively) are viewed along the [110] direction,
allowing identification of the positions of the heavy atomic columns.53, 117 We note that the
observed bright atomic columns in the images correspond to heavy atoms, whilst lighter
elements such as Li and O are undetectable. In LNMO (Figure 5.2g and 5.2i), a typical
diamond-shape atomic structure is observed, confirming its spinel structure as consistent with
previous STEM observations.53, 117 Line-profile analysis (Figure 5.2j) shows continuous peaks
with an interval of approximately 0.8 nm in the LNMO structure, coinciding well with the
diagonal distance of two TM atoms within the spinel structure.53 When the Mg dopant is
introduced, the spinel framework persists, as shown in Figure 5.2h. Figure 5.2k shows in
detail the selected region (yellow box) in Figure 5.2h, where two new diamond-like
frameworks are observed. One is the centre-filled diamond where Mg occupies the previouslyempty 16c octahedral site, and the other is a diamond containing two atoms corresponding to
the occupation of the tetrahedral site (8a) by Mg, indicating that Mg partially replaces Li at the
8a sites. The corresponding line profiles are shown in Figure 5.2l and 5.2m. Taken together,
these characterizations confirm the successful doping of Mg at both 16c and 8a sites in the
LNMO structure.
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X-ray photoelectron spectroscopy (XPS) provides further evidence of the successful siteselective doping. Figure 5.3a shows the Mg 2p spectra of MgO, MgAl2O4, Mg0.05-LNMO,
and Mg0.1-LNMO. Mg2+ is known to locate at octahedral and tetrahedral sites within MgO
and MgAl2O4, respectively, reflected by the peak positions (i. e. binding energy) of ~49.6 eV
and ~52.7 eV, in Mg 2p spectra.364 The spectra of Mg-doped LNMO are split into these peaks,
further confirming the STEM results. Interestingly, the ratio between tetrahedral and octahedral
doping in LNMO is found to change, where increases in Mg content result in the increased
occupation of Mg at the tetrahedral site. Soft X-ray (SXR) results (Figure 5.3b) also support
the success of this two-site-doping strategy, where the white line and inflection point energies
of Mg0.1-LNMO are similar to those of MgO, revealing the existing octahedral-site Mg,
meanwhile, the emerging pre-edge (dashed box) in Mg0.1-LNMO, corresponding to the 1s-3d
quadrupole transition, indicates Mg in a tetrahedral environment.1
Structural investigations of LNMO and Mg0.1-LNMO were carried out by employing joint
Rietveld refinement using NPD and XRPD data. The refinement results for LNMO and Mg0.1LNMO materials are summarized in Table 5.1 and refinement profiles of LNMO are displayed
in Figure 5.4 and of Mg0.1-LNMO in Figure 5.3c and 5.3d. LixNi2-xO2 (ICSD# 41890, 2.6(1)
wt.%)365 was found in the LNMO sample and the Mg0.1-LNMO sample was found to include
impurities of both LixNi2-xO2 and LixMn2O4 phases (ICSD#50415)366 with weight fractions of
3.4(1)% and 2.2(3)%, respectively. Although these undesirable impurities are expected to
affect battery performance to some extent, they are ignored in the following discussions due to
their relatively minor content.
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Figure 5.3 (a) Mg 2p XPS spectra of MgO, MgAl2O4, Mg0.05-LNMO and Mg0.1-LNMO
samples; (b) SXR spectra of MgO and Mg0.1-LNMO; joint Rietveld refinement profiles using
(c) NPD and (d) XRPD data of Mg0.1-LNMO (Rwp = 5.47%, combined GOF = 1.78); (e)
schematic crystallographic structure of Fd3̅m Mg0.1-LNMO; EPR spectrum and analysis of (f)
LNMO and (g) Mg0.1-LNMO; (h) FTIR spectra of LNMO, Mg0.05-LNMO, and Mg0.1LNMO samples.
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Figure 5.4 Joint Rietveld refinement profiles shown for (a) NPD and (b) XRPD data of LNMO
(Rwp = 3.72% and combined GOF =1.21.)
Table 5.1 Phase composition and crystallography details of LNMO and Mg0.1-LNMO
obtained from joint Rietveld refinement using NPD and XRPD data.

a, b, d

site constrained to be fully occupied; c site occupation factor ratio is fixed according to the

XPS analysis.
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With the aid of excellent contrast between the neutron coherent scattering length of Li (-1.90
fm) and Mg (5.375 fm), NPD detects the Mg existence at the tetrahedral site (8a) in Mg0.1LNMO and determines it to be 0.7(3)% occupation. Meanwhile, the site occupation factor of
Mg at 16c site is confirmed to be 0.3(2)% in the structure. A schematic crystallographic
structure of Mg0.1-LNMO is shown in Figure 5.3e, where Li and O occupy the 8a and 32e
crystallographic sites, respectively, and Ni and Mn share the octahedral 16d sites in the Fd3̅m
structure. Mg ions were successfully introduced at both tetrahedral (8a) and octahedral (16c)
sites. Furthermore, the similar lattice parameter and cell volume of the bare LNMO (a =
8.1774(1) Å and V = 546.83(2) Å3) and Mg0.1-LNMO (a = 8.1762(1) Å and V = 546.60(2)
Å3) samples further approve the advantage of Mg two-site doping in avoiding significant
structural distortion.
Electron paramagnetic resonance (EPR) characterization was also performed on the LNMO
and Mg0.1-LNMO samples (Figure 5.3f and 5.3g, respectively). The two EPR spectra are
both characterized by a very intense and almost symmetrical EPR line at about g~2. In Figure
5.3f, the intensive green line centred at g = 2.004 with the pure Lorentz shape was attributed to
ferromagnetic-like interactions of Mn4+, while the weak blue line centred at g = 1.973 with
Gauss-Lorentz components was assigned to ferromagnetic-like Mn4+-Mn3+ interactions.
Notably, the EPR spectrum changes significantly after Mg is introduced into LNMO (Figure
5.3g), where the spectrum narrows for Mg0.1-LNMO and becomes fully dominated by
contributions from Mn4+. The fully Lorentz-like shape and much smaller width of the EPR line
indicate the stronger interactions between Mn4+ in the Mg0.1-LNMO. Moreover, the absence
of Mn4+-Mn3+ interactions in the Mg0.1-LNMO reveals a decrease in Mn3+ and subsequent
relief of Jahn-Teller distortion as a result of Mg doping, consistent with the corresponding XPS
Mn 2p3/2 spectrum (Figure 5.5).
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Figure 5.5 XPS spectrum of (a) Mg0.1-LNMO and (b) LNMO; Mn 2p3/2 spectra of (c) Mg0.1LNMO and (d) LNMO; Ni 2p spectrum of (e) Mg0.1-LNMO and (f) LNMO.
Figure 5.5c and 5.5d show the Mn 2p3/2 spectra of Mg0.1-LNMO and bare LNMO,
respectively. The Mn 2p3/2 spectra can be split into two peaks with binding energies of 642.9
eV and 641.8eV, respectively. The main peak at 642.9 eV is assigned to Mn4+, and the minor
peak at 641.8 eV originates from Mn3+, close to the common values of 641.9 eV and 642.9 eV
for Mn3+ and Mn4+, respectively, in LiNi0.5-xMn1.5+xO4 spinel. The relative amount of Mn4+ and
Mn3+ in the samples can be determined by the peak areas, where Mg0.1-LNMO has 80.0%
Mn4+ compared to 71.3% in undoped LNMO. The higher Mn4+ content in Mg0.1-LNMO
indicates that Mg doping could reduce Mn3+ in LNMO as a result of the more stabilized spinel
structure. Figure 5.5e and 5.5f show the Ni 2p spectrum of Mg0.1-LNMO and LNMO,
respectively, where peaks at 854.3 and 872.0 eV are Ni 2p3/2 and Ni 2p1/2 emissions,
respectively, confirming the bivalent state of Ni in the spinel.
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Fourier transform infrared spectroscopy (FTIR) is sensitive to local structures and widely
employed to determine the degree of Ni/Mn ordering in spinel LNMO.47 The intensity ratio
between 614 and 574 cm-1 peaks allows a semi-quantitative comparison of cation-ordering in
LNMO, with a higher ratio corresponding to higher cation disorder.47 Our Mg0.1-LNMO
sample has the highest ratio of 1.176, followed by Mg0.05-LNMO of 1.138 and LNMO of
1.124 (Figure 5.3h), indicating that Mg increases Ni/Mn disorder in the spinel. Peaks at 665
and 551 cm-1 in the LNMO spectra are characteristic peaks of ordered LNMO, and these
weaken with increasing Mg content, consistent with Mg increasing cation disorder in LNMO.
It can be obtained from Figure 5.6 that the Mg0.1-LNMO sample has a more stable weight
during the heating process than the undoped LNMO, although both samples lose weight when
the temperature increases as a result of the oxygen release from the structure. Conclusions
could be made that a better thermal stability is achieved by introducing of Mg doping into the
spinel LNMO.

Figure 5.6 TGA of undoped LNMO and Mg0.1-LNMO samples under Ar atmosphere.
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5.3.2 Electrochemical performance
Figure 5.7a compares the cycling performance of four LNMO samples at 1 C, with Mg0.1LNMO delivering the highest discharge specific capacity of 123.0 mAh g-1, followed by
Mg0.05-LNMO of 118.8 mAh g-1, LNMO of 116.9 mAh g-1, and Mg0.15-LNMO of 93.4 mAh
g-1. Moreover, the Mg0.1-LNMO sample exhibited a high discharge capacity of 106.1 mAh g1

at the 1500th cycle, corresponding to a capacity retention of 86.3%, significantly higher than

those for Mg0.05-LNMO and LNMO of 60.9% and 66.9%, respectively. The worst
electrochemical performance was observed for the Mg0.15-LNMO sample. Obviously, the
cycle stability of LNMO is found to be greatly improved by a proper amount of Mg doping at
tetrahedral and octahedral sites.
The electrochemical performance of our Mg0.1-LNMO sample is significantly improved over
other previously reported LNMO samples (Figure 5.7b)109, 124, 161, 185, 188, 367-372. Along with the
exceptional longest-term cycling performance (1500 cycles), our Mg0.1-LNMO delivers 116.0
mAh g-1 and capacity retention of 94.6% after 500 cycles, while others reported LNMOs
typically maintain < 90% of their initial capacities after 500 cycles.368, 372 At the 1000th cycle,
our Mg0.1-LNMO retains 91.5% of initial capacity, compared with the values of less than 86%
for other reported LNMOs.124,

161, 367

The enhanced cycle stability derived from the site-

selective doping strategy becomes more obvious when the cycle number increases.
The corresponding charge/discharge curves of the three LNMOs (Figure 5.7c) show that the
Mg0.1-LNMO sample has the smallest voltage polarization in the 100th cycle. In the 1500th
cycle, the voltage polarization of the Mg0.1-LNMO sample doesn’t increase substantially,
while those of Mg0.05-LNMO and LNMO experience a large increase. The reduced voltage
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polarization of Mg0.1-LNMO is also confirmed by cyclic voltammetry (CV) scanning (Table
5.2).

Figure 5.7 (a) Cycle performance at 1 C of LNMO; (b) cycle stability of Mg0.1-LNMO and
other LNMO materials previously reported; (c) charge/discharge curves for the 100th and 1500th
cycle of the LNMOs; (d) energy density of LNMO, Mg0.05-LNMO, and Mg0.1-LNMO during
cycling with corresponding energy efficiency; (e) rate capability of LNMO, Mg0.05-LNMO,
and Mg0.1-LNMO; (f) cycle performance at higher current density (10 C) of Mg0.1-LNMO;
(g) charge/discharge curves of an Mg0.1-LNMO//TNO full battery in the first two cycles; (h)
cycle performance of the Mg0.1-LNMO//TNO full battery.

Table 5.2 shows the potential differences of Mn3+/Mn4+, Ni2+/Ni3+, and Ni3+/Ni4+ redox couples
between charge and discharge processes. The voltage polarization in the Mg0.1-LNMO sample
is lower than those in the LNMO sample, supporting the relief of voltage polarization by the
Mg doping.
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Table 5.2 Voltage polarization for different redox couples in LNMO and Mg0.1-LNMO
samples obtained from CV.

The concentration of Mn3+ in LNMO, which is associated with the plateau at approximately
4.0 V vs. Li/Li+,24, 373 is also considered (Table 5.3),. In the 100th cycle, the Mn3+/Mn4+ redox
couple only accounts for 7.9% of the discharge capacity in the Mg0.1-LNMO sample, with the
values of 14% and 16% for the Mg0.05-LNMO and LNMO samples, respectively. This
difference increases in the 1500th cycle, with the Mn3+/Mn4+ redox couple delivering 9.5%,
17%, and 23.7% of the discharge capacity in the Mg0.1-LNMO, Mg0.05-LNMO, and LNMO
samples, respectively, implying that the Mg dopant effectively stabilizes the LNMO spinel
against Mn3+ formation during cycling.

Table 5.3 Mn3+ concentration calculated from the contribution of the capacity at 4 V to the
whole discharge capacity.

The corresponding energy densities of the different LNMOs are shown in Figure 5.7d. Mg0.1LNMO exhibits an energy density of 570 Wh kg-1 at 1 C, significantly higher than those of
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Mg0.05-LNMO (540 Wh kg-1) and LNMO (527 Wh kg-1). During long-term testing, the
Mg0.1-LNMO sample has the highest energy efficiency of ~97.5%, and maintains 85.4% of
its initial energy density after 1500 cycles, without the rapid energy density decay observed for
the Mg0.05-LNMO and LNMO samples. More importantly, the Mg0.1-LNMO manifests an
exceptionally high-rate performance, delivering an energy density of around 467 Wh kg-1 at 10
C and maintaining 88.2% (412 Wh kg-1) after 1500 cycles, making it a promising candidate
material for commercialization.
The rate capabilities of undoped and Mg-doped LNMO were further evaluated with results
shown in Figure 5.7e. Unsurprisingly, the Mg0.1-LNMO shows the best rate performance with
a specific capacity of up to 111.5 mAh g-1 under 5 C, which corresponds to 88.5% of its initial
capacity at 0.1 C. However, Mg0.05-LNMO and LNMO, have discharge capacities at 5 C of
only 97.1 and 77.5 mAh g-1, respectively, corresponding to 80.9% and 62.6% of their initial
capacities at 0.1 C, respectively. The improved rate capability of Mg0.1-LNMO is also verified
by CV and electrochemical impedance spectroscopy (EIS) characterization (Figure 5.8a and
5.8b).
CV characterization was carried out to investigate the difference between LNMO and Mg0.1LNMO samples in phase transformation and reductive/oxidative process (Figure 5.8a). The
weak anodic peak at around 4.0 V corresponds to the transformation from Mn3+ to Mn4+, while
subsequent anodic peaks at approximately 4.7 and 4.8 V are attributed to the evolution of Ni2+
to Ni3+ and Ni3+ to Ni4+, respectively. When the scan rate is increased to 0.5 mV s-1, the two
peaks corresponding to Ni2+/Ni3+ and Ni3+/Ni4+ redox couples could still be observed in Mg0.1LNMO sample, while these merge into one broad peak in LNMO, indicating a superior rate
capability of Mg0.1-LNMO.
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Figure 5.8 (a) CV curve of LNMO and Mg0.1-LNMO at different scan rates; (b) Electrical
impendence spectroscopy curve of LNMO and Mg0.1-LNMO before cycling and after 20
cycles; (c) first two cycles of LNMO//TNO full battery; (d) cycling performance of an
LNMO//TNO full battery.
EIS data for LNMO and Mg0.1-LNMO before and after 20 cycles are shown in Figure 5.8b.
The two curves prior to cycling are similar with almost the same semicircle shape, however,
after 20 cycles, Mg0.1-LNMO exhibits a much smaller Rct (120 Ω) than LNMO (192 Ω),
indicating the enhanced Li diffusion across the electrode-electrolyte interphase in the Mgdoped LNMO.
The calculated Li diffusion coefficient within Mg0.1-LNMO and LNMO are summarized in
Table 5.4. Although Mg0.1-LNMO has a slightly smaller Li diffusion coefficient than LNMO,
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the coefficients are of these same order of magnitude and therefore confirm the negligible effect
of the two-site Mg doping on Li diffusion.
Table 5.4 Li diffusion coefficient during various redox processes in LNMO and Mg0.1-LNMO
calculated from CV.

The calculation assumes that the intercalation/deintercalation of Li+ ions is controlled by solidstate diffusion with the Li diffusion coefficient calculated by the Randles−Sevcik equation:
ip = (2.69*105) n3/2 A DLi1/2 ν1/2 ΔCLi
where ip corresponds to the peak current (A), n represents the number of electrons per reaction
species, A is the surface area of the tested electrode, DLi is the apparent diffusion coefficient of
Li (cm2 s−1), ν is the scan rate (V.s−1), and ΔCLi is the change in lithium-ion concentration
(mol.cm−3).
Long-term testing at higher current (Figure 5.7f) shows that Mg0.1-LNMO can deliver a
discharge capacity as high as 103.4 mAh g-1 at 10 C and maintain 87.3% of the initial discharge
capacity after 2200 cycles, corresponding to a capacity decay of only 0.00579% per cycle. The
superior cycle performance of the Mg0.1-LNMO sample at both small and large current density
further confirms the success of two-site doping. To conclude, Mg doping at both tetrahedral
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and octahedral sites significantly improves the cycle, energy, and rate performance of LNMO,
through effectively mitigating the formation of Mn3+ and suppressing Jahn-Teller distortion,
and reducing voltage polarization during cycling.
Considering the superior electrochemical performance of Mg0.1-LNMO in half cells, its
performance in a full-battery configuration was tested using TNO counter electrode, a
promising high-rate replacement for Li4Ti5O12 (LTO). The crystallography structure, particle
morphology, and half-cell performance of TNO are shown in Figure 5.9.

Figure 5.9 (a) Schematic structure, (b) SEM image, and (c) electrochemical performance
against a Li foil counter electrode, of TNO.
TNO material, owning C/2m group symmetry (structures shown in Figure 5.9), which was first
proposed by Goodenough’s group as a promising high-rate replacement for Li4Ti5O12
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(LTO).374 TNO has a working plateau of ~1.64 V vs. Li/Li+, similar to that of LTO (~1.55 V),
which may avoid the issues of solid electrolyte interphase (SEI) and lithium dendrite formation.
Moreover, the specific capacity of TNO can reach up to 387.6 mAh g-1,37 which is 221% and
105% higher than those of LTO (175 mAh g-1) and commercial graphite (372 mAh g-1),
respectively.
Figure 5.7g shows the electrochemical performance of a full battery containing Mg0.1-LNMO
and TNO in the first two cycles at 1.5 - 3.5 V. The charge and discharge curves in the first and
second cycle overlap well, indicating good cycle stability of the full cell. A flat operating
plateau at around 3.0 V for charge and discharge is clearly observed, and minor voltage
polarization between charge and discharge is noted due to the desirable kinetics within the full
battery. The prototype full battery delivers a discharge capacity of 1.20 Ah in the first two
cycles and achieves an energy density of 94.87 Wh kg-1 (calculation based on the weight of the
whole battery). The cycle performance of the Mg0.1-LNMO//TNO full battery is shown in
Figure 5.7h, where the capacity in the 68th cycle still reaches 96.3% of the initial capacity with
a columbic efficiency of around 99.7%, indicating its feasibility for large-scale application. In
comparison, an LNMO//TNO cell shows inferior battery performance with smaller whole
battery capacity and lower columbic efficiency (Figure 5.8c and 5.8d)
5.3.3 In operando and ex situ mechanistic studies
The origin of the outstanding electrochemical performance of the two-site Mg-doped LNMO
was explored using in operando synchrotron-based XRPD, where the phase transformation and
structural changes of both undoped LNMO and Mg0.1-LNMO during charge/discharge were
compared in coin-type half-cells. Disordered LNMO undergoes a solid-solution (one-phase)
reaction during the Ni2+/Ni3+ redox transformation at approximately 4.6 V (vs. Li/Li+, from
LiNi0.5Mn1.5O4 to Li0.5Ni0.5Mn1.5O4) and a two-phase reaction during the Ni3+/Ni4+ redox
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transformation when the voltage is above 4.7 V (from Li0.5Ni0.5Mn1.5O4 to Ni0.25Mn0.75O2).29, 31
The two-phase reaction usually occurs through a nucleation and growth mechanism involving
grain boundary movement, which negatively impacts the lithiation/delithiation processes.34 In
contrast, the solid-solution reaction is more favourable due to the moderate structural
transformation and better cycling reversibility.
Figure 5.10a and 5.10b show in operando synchrotron-based XRPD data of coin cells
containing LNMO and Mg0.1-LNMO, respectively, as a contour plot with intensity in colour,
along with corresponding electrochemical curves. Three diffraction peaks at approximately
8.3º, 16.0º, and 25.2º correspond to the spinel LNMO 111, 311, and 511 reflections,
respectively, with the strongest 111 reflection the focus in the following discussion.
In LNMO, the 111 reflection shifts gradually to higher angles from the open-circuit voltage
(OCV) to approximately 4.7 V. During this process, LNMO undergoes a solid-solution reaction
as Li+ ions are extracted from the spinel structure, leading to a decrease of the lattice parameter
and cell volume. As the voltage increases, the 111 reflection broadens and experiences intensity
changes, before sharpening and shifting to around 8.45º. As the voltage approaches 4.9 V, a
weak reflection at around 8.54º arises indicating the formation of Ni0.25Mn0.75O2 rock-salt and
a two-phase reaction. We note that the peak intensity of the Ni0.25Mn0.75O2 phase continues to
increase at the beginning of discharge, indicating hysteresis in the phase transformation of
LNMO, potentially as a result of the relatively-large average particle size (~3 μm) of the active
material, and a similar phenomenon was reported by Singer et al.375 As the voltage decreases
from 4.9 V to approximately 4.66 V, the two reflections coexist, indicating a two-phase
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reaction. Subsequently, the Ni0.25Mn0.75O2 reflection disappears and the LNMO reflection shifts
rapidly to lower angles, corresponding to the process of lithium insertion into the spinel.

Figure 5.10 In operando synchrotron-based XRPD data in a selected 2-theta region shown as
a contour plot with intensity in colour, the legend for which is shown inset, for (a) LNMO and
(b) Mg0.1-LNMO, where the evolution of LNMO 111, 311, and 511 reflections can be seen
along with the corresponding charge/discharge curve; single peak fitting results of the 111
reflection of (c) LNMO and (d) Mg0.1-LNMO.
In contrast, the Mg0.1-LNMO 111 reflection shifts continuously to higher angles during the
whole charge process, with an intensity that varies more moderately than that of the undoped
LNMO. During discharge, the Mg0.1-LNMO 111 reflection shifts gradually and reversibly
back to a lower angle. Notably, no Ni0.25Mn0.75O2 reflection was found during either charge or
discharge, indicating a solid-solution behaviour during lithiation/delithiation processes, which
ensures the superior structure and cycle stability of Mg0.1-LNMO sample. The absence of the
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two-phase reaction in the Mg-doped LNMO may be attributed to the elevated difficulty for
transition metal to move to neighbour empty octahedral sites and the disturbance of the cation
ordering in the spinel structure with the existence of two-site Mg dopants.
Single-peak fitting of the LNMO 111 reflection was carried out to investigate the structural
response and structure-function relation in undoped LNMO (Figure 5.10c) and Mg0.1-LNMO
(Figure 5.10d) during cycling. When the voltage is above 3.1 V, the 111 reflection shifts to
higher angle as the lattice parameter decreases by 1.11% for the LNMO (0.0913(2) Å, from
8.1956(1) to 8.1043(1) Å) during the solid-solution reaction, while Mg0.1-LNMO only
experiences a 1.06% decrease in the lattice size (0.0874(4) Å, from 8.2025(2) to 8.1151(2) Å)
although its solid-solution reaction lasts the whole charge process. The smaller structural
change of the Mg0.1-LNMO sample during cycling contributes to its superior cycle stability.
Ex-situ XAS was carried out to explore the electronic structure and evolution of the Ni and Mn
local environments in LNMO and Mg0.1-LNMO. Figure 5.11a and 5.11d show the XANES
spectra of Mn K edge of LNMO and Mg0.1-LNMO at different states of charge. The valence
of Mn experiences almost no change when the voltage is above 4.2 V. When the discharge is
finished (3.5 V), the Mn K edge shifts slightly to lower energy, corresponding to a partial
reduction of Mn4+, as consistent with our electrochemical observations. Figure 5.11b and 5.11e
show the corresponding Fourier transformation of Mn K edge EXAFS for LNMO and Mg0.1LNMO, respectively, where the shells at approximately 1.5 Å and 2.5 Å represent the Mn-O
and Mn-TM (Mn or Ni) interaction, respectively. There is almost no positional shift in these
shells in both samples when the voltage is above 4.2 V, however, when discharged to 3.5 V,
the LNMO has Mn-O and Mn-TM interatomic distances that increase obviously. In comparison,
no obvious positional shift of these peaks is observed for Mg0.1-LNMO, indicating the superior
stability of both Mn-O and Mn-TM bonds. The Ni EXAFS spectra of LNMO and Mg0.1-
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LNMO are shown in Figure 5.11c and 5.11f, respectively. The Ni spectra appear similar to
that of Mn, with two main shells at approximately 1.5 Å and 2.5 Å representing Ni-O and NiTM bonds, respectively, confirming the site-sharing of Ni and Mn ions within both LNMOs.
In both samples, the Ni-O bond length is observed to decrease during charge, resulting in a
decrease in the lattice, commensurate with results from in operando synchrotron-based XRPD.
In the subsequent discharge, the Ni-O interatomic distance increases as the valence of Ni
decrease. A similar trend has been noted for the Ni-TM bond, with fewer bond length changes
due to the relatively long distance. The Mg0.1-LNMO shows less change in peak position after
charge and discharge than LNMO, again verifying the stabilization of the structure by Mg
doping at two sites.

Figure 5.11 XAS data showing the spectrum at the Mn K edge of (a) LNMO and (d) Mg0.1LNMO electrodes at different states of charge in the first cycle; corresponding spectrum at the
Mn K edge of (b) LNMO and (e) Mg0.1-LNMO; spectrum at the Ni K edge of (c) LNMO and
(f) Mg0.1-LNMO.
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Conclusively, our site-selective Mg doping stabilizes the LNMO structure and improves cycle
stability and electrochemical performance of LNMO due to the less structural change and
disappearance of the undesirable two-phase reaction at highly delithiated states.
With its properties of high penetration power and non-destructive interaction, in operando NPD
was used to investigate the phase transformation and structural change of both LNMO and
Mg0.1-LNMO in 18650-type full cells with TNO as counter electrodes. A further two of these
batteries were also examined in their 69th cycle. In operando NPD data for the Mg0.1LNMO//TNO full battery in the first cycle is presented over the full-angular-range as a contour
plot with intensity in colour (Figure 5.12a), alongside the corresponding charge and discharge
curve. To show the structural changes of the LNMO and TNO in detail, contour plots in
selected 2θ ranges are shown in Figure 5.12b and Figure 5.12c, respectively.

Figure 5.12 (a) Contour plot of in operando NPD data of Mg0.1-LNMO//TNO full battery at
the first cycle; (b) selected 2 theta region showing the changes of LNMO 222 reflection; (c)
selected 2 theta regions showing the changes of TNO 110, 020, 025 reflections; single peak
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fitting results of LNMO 222 reflection evolution in Mg0.1-LNMO//TNO full battery at (d) the
first and (e) 69th cycle.
The corresponding NPD data of the bare LNMO//TNO cycled LNMO//TNO, and cycled
Mg0.1-LNMO//TNO in selected 2θ ranges are given in Figure 5.13. The peak at approximately
61.5º corresponds to the LNMO 222 reflection. During cycling, the LNMO 222 reflection shifts
to a higher angle during charge and back to the lower angle during discharge. The high
structural reversibility and absence of a two-phase reaction observed during this process are
consistent with our observations using in operando synchrotron-based XRPD for the half-cell
configuration.

Figure 5.13 Contour plots of in operando NPD data with intensity shown in colour where the
scale is given on the right-hand side of (a) an LNMO//TNO full battery during the first cycle;
(b) the same LNMO//TNO full battery at the 69th cycle; (c) an Mg0.1-LNMO//TNO full battery
at the 69th cycle. These plots show data in a selected 2 theta region highlighting the change of
the LNMO 222 reflection and TNO 110, 020, 025 reflections. Results of single peak fitting of
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the LNMO 222 reflection in the NPD data of the LNMO//TNO full battery during (d) the first
and (e) 69th cycle; and of the Mg0.1-LNMO//TNO full battery during f) the first and (g) 69th
cycle.
The peaks at approximately 38.0º, 78.9º, and 120.5º correspond to the TNO 110, 020, and 025
reflections, respectively. The position of the TNO 110 reflection shifts to a lower angle during
charge and back to a higher angle during discharge, as expected from previous work.376 The
TNO 025 reflection position is not linear in its positional evolution during this process, which
may be related to the non-monotonic evolution of the TNO c lattice parameter during cycling,
as previously noted.376 Overall, our in operando NPD measurements show that both electrodes
function well in the prototype full-battery.
Single-peak fitting of the LNMO 222 reflection in the in operando NPD measurements of all
full batteries was performed, with results shown in Figure 5.12 and Figure 5.13. The
maximum change of the LNMO 222 reflection position between uncycled and various states
of charge in the four full batteries are summarized in Table 5.5. After a full charge, the LNMO
222 reflections from both LNMO and Mg0.1-LNMO containing batteries undergo an
approximate 1% shift to higher 2θ. After a full cycle, the 222 reflections of undoped and cycled
LNMO show a measurable increase, 0.30 and 0.03%, respectively. In the case of Mg0.1LNMO, however, there is almost no change in the 222 reflection position in the Mg0.1LNMO//TNO battery, in both fresh and cycled batteries, further verifying its superior structural
stability induced by the two- site Mg doping. Besides, we also quantify the rate of lithium
extraction from LNMO by examining the rate of change of the LNMO 222 reflection position
in the 69th cycle, noting a faster delithiation rate for the Mg0.1-LNMO//TNO (0.00630(3) º per
min) than the LNMO//TNO (0.00607(1) º per min), corresponding to better Li transport within
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the Mg-doped LNMO, which is probably due to whole solid-solution reaction process during
charging.
Table 5.5 Positional evolution and the maximum change of the LNMO 222 reflection in NPD
data acquired during the 1st and 69th cycle for LNMO//TNO and Mg0.1-LNMO//TNO full
batteries.

In summary, the high cycle stability of the Mg0.1-LNMO material was demonstrated in both
half and full-cell configurations. The role of the Mg dopant in achieving this superior stability
is illustrated in Figure 5.14, where at highly-delithiated state, Mg ions, residing at both 8a and
16c sites in the Fd3̅ m structure, serve as structural pillars, stabilizing the spinel structure,
prohibiting the migration of TM ions and thus preventing the formation of a rock-salt type
phase. This strategy of doping Mg ions at both 8a and 16c crystallographic sites in the spinel
contributes to the resultant minor structural change and alleviated side reactions of the TM loss
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during charge/discharge, efficiently resolving the long-standing short-cycle-life issues of
LNMO, and could easily be extended to other battery electrode materials.

Figure 5.14 Schematic illustration of the structural changes and phase evolution of undoped
LNMO and Mg0.1-LNMO during charge and discharge, where , ,  stand for the uncycled
LNMO, delithiated LNMO, and rock-salt phase, respectively. The octahedra containing Ni/Mn
are shade in cyan.

5.4 Conclusion
In conclusion, we successfully employ site-selective Mg doping to stabilize LNMO during
electrochemical processes. Notably, the stabilization offered by the Mg doping becomes more
prominent at increased cycling, where the optimized Mg-doped LNMO (Mg0.1-LNMO)
achieves capacity retention of 86.3% after 1500 cycles at 1 C and 87.3% after 2200 cycles at
10 C.
We explore in detail the underlying chemistry- and structure-function of Mg-doped LNMO.
During cycling, Mg in the Mg0.1-LNMO resides at both 8a and 16c crystallographic sites in
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the Fd3̅ m structure, mitigating against the dissolution of transition metals, preventing the
formation of the undesirable Fm3̅m rock-salt phase and subsequent two-phase reaction, which
in turn reduces the Jahn-Teller distortion and voltage polarization. We also demonstrate the
effectiveness of the Mg0.1-LNMO electrode material in a full-battery configuration against the
novel TiNb2O7 anodes, further confirming the stabilization brought by Mg dopants.
This work provides a new strategy for the chemical modification of electrode materials that
may be applied more generally in battery researches, whereby dopants may be used
strategically to address specific electrode issues.
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Chapter 6: Site-accurate structural engineering enables extraordinary
electrochemical performance of high-energy-density cathodes for lithiumion batteries
The site-selective doping strategy in Chapter 5 is proved to be highly successful in improving
the battery performance of LNMO, and could contribute to an extraordinarily stable cycling
performance of the high-voltage spinel. In order to further increase the battery electrode
capacity and battery energy density of LNMO material, similar structural engineering strategy
is proposed in this chapter, where the specific 16c and 16d sites of the Fd3̄m LiNi0.5Mn1.5O4
are modified with Sb dopants. The modifications at 16c and 16d sites aim to prevent the
hazardous two-phase reaction at high operating voltage, and relieve the issue of Mn dissolution
into electrolyte, respectively. With the aid of the site-accurate structural manipulation, the
cathodes could amazingly deliver up to 99% of its theoretical specific capacity at 1 C and still
maintain 87.6% and 72.4% of its initial capacity after 1500 and 3000 cycles, respectively. This
work provides a unique perspective on the modification of the battery materials, where material
structures could be tailored site-accurately to solve corresponding issues in the system, and will
undoubtedly promote the rapid development of the high-energy-density materials for lithiumion batteries.

6.1 Introduction
LIBs have become the most popular power source for portable electronic devices and recently
shown their great prospects in the applications of electric vehicles and hybrid electric
vehicles109, 117, 377-379. Unfortunately, the limited energy density of current commercial LIBs
lowers their competitiveness, stimulating more research efforts to develop next-generation
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high-energy-density LIBs379. It’s known that the energy density of the cathodes is determined
by the capacity and operating voltage117, 380. Unavoidably, high capacity or high operating
voltage would result in the chemical, structural, and thermal instabilities of the active
materials117, causing a series of serious concerns. For instance, the commercialized LiCoO2
cathode is restricted to be charged to 4.2V under practical use, only delivering around 60% of
its theoretical capacity, where further increase in the applied voltage would incur the harmful
structural collapse, phase transformation and safety issues381-384. In addition to the structural
instabilities caused by high operating voltage, the issues of the transition metal dissolution in
most cathodes385, 386, such as the Mn dissolving into the electrolyte in the Mn-based cathodes,
could also deteriorate the structural integrity and result in the rapid battery failure. Therefore,
it is of vital importance and great urgency to develop universal strategies, through which the
structures of high-energy-density cathodes could be engineered and tailored for superior
structural stability in high-performance LIBs.
Introducing heterogeneous ions into the structure of the target cathodes116, 258, 381, 382 has been
extensively proved successful in improving battery performance. Its facile operation, low
facility requirements, and capability of scalable production further contribute to the supreme
popularity in both scientific studies and industrial applications. For instance, Co, Mn and Al
have been introduced into the layered lithium nickel oxides, forming the current mainstream
products11,

387, 388

(LiNi1/3Mn1/3Co1/3O2 (NMC111), LiNi0.6Mn0.2Ni0.2O2 (NMC622), and

LiNi0.8Mn0.15Al0.05O2 (NCA)) for electric vehicles, where Co plays an important part in
controlling the 2D structure of the layered oxides, and electrochemical-inactive Mn/Al
compositions improve both structural and thermal stabilities of the cathode11, 389, particularly
at the highly-delithiated states. Unfortunately, these findings are not universally applicable to
all types of cathode materials, with the doping influence in specific cathode still in a veil, thus
resulting in the slow development of the high-energy-density cathodes. Interestingly, even in
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the high-voltage LiCoO2 electrode, the doping effect of Mg is reported to vary drastically 382,
383

, where Mg dopants substituting Li383 contribute to beneficial Mg/Li mixing and prevent the

slab sliding at highly delithiated state, whilst those incorporating into the lattice382 suppress the
harmful phase transformation at high voltage. Accordingly, it is of obvious significance to
figure out the dopant residence as well as the corresponding crystallographic change within the
active materials, thus building up the fundamental and decisive structure/function relationship
toward satisfactorily stable high-energy-density cathode materials, where up to now,
inadequate research focus has been paid to.
In this work, we successfully employ the systematic structural/crystallographic engineering
strategy to stabilize the structures of the high-energy-density cathodes and achieve
extraordinarily superior battery performance, using the well-known 5V LiNi0.5Mn1.5O4 (LNMO)
spinel cathode as an example. On one hand, LNMO material shows a high energy density over
650 Wh kg-1 with an extremely high operating voltage (4.7 V vs. Li)4, 16, 17. On the other hand,
LNMO faces a head-scratching dilemma between its high working voltage and proneness for
structural degradation as a result of the hazardous two-phase reaction at the voltage above
4.7V117, 126. Additionally, the parasitic Mn dissolution issue commonly observed in Mn-based
cathodes54, 386, also deteriorates the structural integrity of the LNMO material126. Specifically,
Sb dopants are introduced into the Fd3̄m structure to reside at both 16c and 16d octahedral
sites, where the two-site residence acts as structural pillars to transform the hazardous twophase behaviour to the desirable solid-solution reaction, weakens the octahedral changes
caused by valence evolution of Mn during cycling, relieves the Mn dissolution, and thus
underpins the structural integrity. Therefore, benefiting from these improvements, the Sbdoped LNMO could deliver as high as 99% of its theoretical specific capacity together with a
high energy density of 668.9 Wh kg-1 at 1 C (1 C = 147 mA g-1). Moreover, 87.6% (127.4 mAh
g-1) and 86.5% (578.5 Wh kg-1) of its initial capacity and energy density could be maintained,
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respectively, after 1500 extended-long-term cycles. This work sheds light on the significance
of the structure engineering of high-energy-density cathodes, opens up a large number of
opportunities to the battery electrode modifications, and accelerates the development of
fundamental researches and practical applications of the high-energy-density LIBs.

6.2 Experimental methods
6.2.1 Material synthesis
Both undoped and Sb-doped LNMOs were prepared by solid-state reaction methods. The
precursors, including Li2CO3 (Sigma Aldrich, 99.99%), MnO2 (Sigma Aldrich, 99.99%), NiO
(Sigma Aldrich, 99.99%), (and Sb2O3 (Sigma Aldrich, 99.99%) for doped active materials)
were mixed homogeneously by ball milling. The mixture was subsequently calcined in a muffle
furnace with a heating rate of 5 ℃ per minute and held at 850 ℃ for 10 h. The preparation
method for anode material TiNb2O7 (TNO) in the full-battery characterization could be found
in our previous work116.
6.2.2 Material characterization
XRPD was performed on a PANalytical Empyrean instrument with Cu K radiation. NPD data
was acquired on the high-resolution neutron powder diffractometer ECHIDNA255, at the Open
Pool Australian Light water (OPAL) research reactor at the Australian Nuclear Science and
Technology Organisation (ANSTO). NPD data was obtained in the 2θ range of 4-164° with a
step size of 0.05° using neutron beam with a wavelength of 1.62348(1) Å, which was
determined by the La11B6 National Institute of Standards and Technology (NIST) standard
reference material 660b. GSAS-II software334 was employed to carry out joint Rietveld
refinement against XRPD and NPD data to explore the phase compositions and
crystallographic details of the spinel. The refined parameters included background coefficients,
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zero shift, peak shape coefficients, lattice parameters, scale factors, oxygen positional
parameters, site occupancy factors, and isotropic atomic displacement parameters.
The material morphology was characterized by SEM (JEOL JSM 7500) and aberrationcorrected TEM (TEM, JEOL ARM-200F). EDS was carried out on a JEOL ARM-200F
instrument to determine the distribution of the containing elements. Meanwhile, scanning TEM
HAADF and ABF imaging were also employed on the same instrument to probe the atomic
structure of the materials.
6.2.3 Electrochemical testing
The spinel active material was mixed with polyvinylidene difluoride (PVDF), and carbon black
(super P) at 80:10:10 wt% ratios in the N-methyl-2-pyrrolidone (NMP) solution. Subsequently,
the uniform slurry was coated on the aluminium current collector and dried at 120 °C overnight
under vacuum. After cooling to room temperature, the electrodes were cut into disks and
pressed. CR2032-type coin cells were assembled in an Ar-filled glovebox with Li foil and
Celgard® 2400 polypropylene film as the anode and separator, respectively. The electrolyte
consisted of 1 M LiPF6 in a 1:1 volume ratio mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC). The assembled batteries were tested on a Land 2001A cell test system
between 3.5 V and 4.9 V (vs. Li) at ambient temperature.
6.2.4 In operando measurements using synchrotron and neutron techniques
Half-cell investigation using customized coin cell was carried out at Powder Diffraction
beamline at Australian Synchrotron, Melbourne, Australia. The preparation method for the
customized battery in this study could be found in our previous work116, 390. The synchrotron
beam wavelength was determined to be 0.688762(1) Å, using the La11B6 NIST standard
reference material 660b. During the measurements, customized batteries were tested at 0.1C,
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which means that it takes 10 hours for a charge/discharge process, and the diffraction patterns
were collected by using the MYTHEN microstrip detector359 with the acquisition and interval
time of the 60s and 299s, respectively.
18650-type full batteries were used for the in operando NPD studies on Wombat298, the highintensity neutron powder diffractometer at the OPAL research reactor at ANSTO. The full
batteries composed of undoped or Sb-doped LNMO cathodes and TiNb2O7 anodes were
prepared at the Industrial Technology Research Institute (ITRI) of Taiwan. Both electrodes
were fabricated by a slurry-coating method as mentioned previously. The solution of 1 M LiPF6
in EC: DMC (around 5g per battery) and Celgard film were used as the electrolyte and separator,
respectively, inside the full batteries. The full-battery performance was characterized on a
Maccor series 4000 (USA) instrument with a testing voltage range of 1.5-3.5V. The wavelength
of the used neutron beam was measured to be 2.41944(7) Å by using the La11B6 NIST standard
reference material 660b. Neutron diffraction data were collected with an acquisition time of
240s over the 2θ range of 18.5-134.5°. Meanwhile, the corresponding electrochemical data of
the batteries was recorded by an Autolab potentiostat/galvanostat (PG302N). The Large Array
Manipulation Program (LAMP) software362 was employed to perform the single peaking fitting
of the spinel.

6.3 Results and discussions
6.3.1 Characterization of the cathode materials
The morphology of the spinel materials is shown in Figure 6.1a and Figure 6.2, where similar
morphologies of undoped and Sb-doped LNMOs with different doping concentrations
(LiNi0.5Mn1.48Sb0.02O4

(Sb002-LNMO),

LiNi0.5Mn1.46Sb0.04O4

(Sb004-LNMO),

and

LiNi0.5Mn1.44Sb0.06O4 (Sb006-LNMO)) confirm the minor influence of the Sb addition on the
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size or shape of the particles. Figure 6.1b shows the transmission electron microscopy (TEM)
image of the Sb002-LNMO particles with a typical truncated-octahedron morphology84, 85. The
corresponding energy dispersive spectroscopy (EDS) result (Figure 6.1c) confirms a
homogenous elemental distribution of Mn, Ni, Sb and O within the Sb002-LNMO spinel.

Figure 6.1(a) SEM and (b) TEM images of Sb002-LNMO spinel; (c) elemental mapping for
Mn, Ni, Sb and O for the Sb002-LNMO sample; typical STEM (d) ABF and (e) HAADF
images for the randomly-chosen Sb002-LNMO particle; line profile results corresponding to
the (f) light green line and (g) blue line in (e); (h) 3D surface plot derived from the yellow
rectangle region in (e); (i) enlargement of the white box in (h), the extend yellow arrow and
empty white arrow represent the increased intensity and vacant site, respectively.
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Figure 6.2 SEM images of (a) undoped LNMO, (b) LiNi0.5Mn1.46Sb0.04O4 (Sb004-LNMO), and
(c) LiNi0.5Mn1.44Sb0.06O4 (Sb006-LNMO).
Aberration-corrected STEM was carried out in both annular bright-field (ABF, Figure 6.1d)
and high-angle annular dark-field (HAADF, Figure 6.1e) modes to observe the atomic-level
crystal structure of Sb002-LNMO. It is known that light elements, such as Li and O in the
spinel, are not visible in these modes109, 117, while heavy elements including Ni, Mn and Sb are
detectable, with the signal intensity associated with the element atomic numbers (Z)53. To better
identify the position of heavy elements, Figure 6.1d and 6.1e are both recorded along [110]
direction53,

109

, with dark holes and bright columns corresponding to the heavy atoms,

respectively. Characteristic diamond-shaped structure53, 116 is clearly shown in both figures,
which coincides well with the previous reports53, 109, 117 and confirms the spinel structure of the
Sb-doped LNMO materials. Additionally, some centre-filled diamond structures are also found
in Sb002-LNMO sample, which corresponds to the occupation of the previously-empty Fd3̄m
16c sites by Sb dopants116, 117. Line-profile analysis (Figure 6.1f) also confirms the residence
of Sb dopants at the interstitial octahedral 16c sites. Moreover, drastically increased peak
intensity (Figure 6.1g) at the Fd3̄m 16d sites, shared by Ni and Mn in undoped LNMO, is also
observed, which is attributed to the much larger atomic number of Sb (Z = 51) compare to that
of Mn (Z = 25). To exhibit the structure of Sb-doped LNMO more vividly, the selected 2D
image region in Figure 6.1e was converted to the corresponding 3D surface plot (Figure 6.1h),
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with more details shown in Figure 6.1i. To conclude, these pieces of evidence firmly confirm
the successful engineering of the Fd3̄m spinel structure at both 16c and 16d octahedral sites.
XAS investigation of Sb002-LNMO was performed at Sb K edge (Figure 6.3a), where the
valence state of Sb dopants between +3 and +5 reveals a mixture of Sb3+ and Sb5+ ions in the
doped spinel material. The coexistence of both ions in the structure was further confirmed in
the Sb 3d3/2 XPS spectra (Figure 6.3b), where the peaks at 539.4 and 540.8 eV are assigned to
Sb3+ and Sb5+, respectively391, 392. The ratio of Sb3+ and Sb5+ determined by the peak area is
calculated to be 83%:17%. We consider the ionic radius of Sb3+ (0.76 Å) and Sb5+ (0.6 Å)
ions353, and believe the occupation of Sb3+ and Sb5+ at the previously-empty 16c sites and
Ni/Mn-sharing 16d sites, respectively, due to the significantly large radius of Sb3+ and a similar
radius value of Sb5+ to those of Mn4+ (0.53 Å) and Ni2+ (0.69 Å)353.
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Figure 6.3 (a) Sb K edge XAS spectra and (b) Sb 3d3/2 XPS spectra of the Sb002-LNMO
sample; joint Rietveld refinement results of (c) NPD and (d) XRPD data of the Sb002-LNMO
sample (Rwp = 5.04% and combined GOF =1.85).

This assumption is supported by the good fitting (Rwp = 5.04%, combined GOF=1.85) of joint
Rietveld refinement against both neutron powder diffraction (NPD) (Figure 6.3c) and X-ray
powder diffraction (XRPD) data (Figure 6.3d). The detailed refinement results of both Sb002LNMO and undoped LNMO could be found in Table 6.1, with the corresponding refinement
profiles of undoped LNMO shown in Figure 6.4. The enlarged lattice parameter (8.17232(9)
Å) and cell volume (545.80 Å3) of Sb002-LNMO compared to those of undoped LNMO
(8.16814(7) Å and 544.96(1) Å3) confirm the success of the structural engineering. The rocksalt phase in both Sb002-LNMO and undoped LNMO samples would be ignored in the
following discussion due to the minor weight ratio of 1.23(5) and 1.46(4) % of the active
materials, respectively.

Figure 6.4 Joint Rietveld refinement results of (a) NPD and (b) XRPD data of undoped LNMO
(Rwp = 4.93% and combined GOF =1.90).
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Table 6.1 Phase composition and crystallography details of undoped LNMO and Sb002LNMO obtained from joint Rietveld refinement using both NPD and XRPD data.

a

constraint to be 1, b+c constraint to be 1, c the ratio is obtained from the XPS characterization.

6.3.2 Electrochemical performance
The cyclic performance of undoped and Sb-doped LNMOs at 1 C is shown in Figure 6.5a.
Obviously, Sb002-LNMO sample delivers the highest capacities of up to 145.5 mAh g-1,
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approaching its theoretical specific capacity (147 mAh g-1), followed by Sb004-LNMO (135.5
mAh g-1) and undoped LNMO (110.3 mAh g-1). We note the relatively low capacity in the first
cycle in both undoped and Sb-doped LNMOs could be attributed to the insufficient infiltration
of the electrolyte, resulting in the disability of the unwetted region to participate in the
electrochemical reactions. After 1500-cycle testing, the Sb002-LNMO sample could still
deliver a high reversible capacity of 127.4 mAh g-1, corresponding to a high capacity retention
of 87.6%, significantly higher than those of Sb004-LNMO (104.1 mAh g-1, capacity retention
of 76.8%) and undoped LNMO (46.4 mAh g-1, capacity retention of 42.1%). Amazingly, the
Sb002-LNMO sample could still maintain 72.4% (105.4 mAh g-1) of its initial capacity even
after 3000 extended-long cycles.

Figure 6.5 (a) Cycling performance and (b) corresponding charge/discharge curves of different
LNMO spinels at 1 C; (c) average operating voltage of LNMO during discharge (average
working voltage = discharge energy density/ discharge capacity); (d) rate capability of undoped
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LNMO, Sb002-LNMO and Sb004-LNMO; (e) lithium diffusion coefficients of undoped
LNMO and Sb002-LNMO obtained from the GITT method; (f) cycling performance at higher
current densities (10 C and 30 C) of the Sb002-LNMO sample; (d) energy density of the
undoped LNMO, Sb002-LNMO and Sb004-LNMO samples.

The morphology of the cycled active material (Figure 6.6) appears similar to its original with
no obvious crack or fracture observed, revealing the superior structural stability of the modified
spinel.

Figure 6.6 (a) SEM images of the Sb002-LNMO electrode after 3000 extended cycles at 1 C
and (b) the enlarged red-square region.
Figure 6.5b shows the corresponding charge/discharge curves of the undoped and Sb-doped
LNMO. The electrochemical plateaus at around 4.7 V correspond to Ni2+/Ni3+ and Ni3+/Ni4+
redox couples, while the ones at 4.0 V are characteristic of Mn3+/Mn4+ redox couples23, 124. It
is obvious that the undoped LNMO suffers severe voltage polarization upon increased cycling,
while the Sb002-LNMO sample exhibits almost overlapping curves in the first 1500 cycles,
further confirming the superior structural stability of the Sb002-LNMO spinel. Figure 6.5c
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displays the average working voltage of the different spinels during discharge since the output
voltage is one of the crucial factors that determine the battery energy density. The average
operating voltage of undoped LNMO experiences a rapid decrease from 4.56 V to 4.31 V
during the 1500 cycles, followed by the Sb004-LNMO samples (from 4.58 V to 4.48V). In
contrast, Sb002-LNMO owns a high initial working voltage of 4.60V and could still maintain
the value of 4.56 and 4.51 V at the 1500th and 3000th cycles, respectively.
The rate performance of undoped and Sb-doped LNMOs is shown in Figure 6.5d. As expected,
the Sb002-LNMO sample exhibits the best rate capability, delivering 139.9, 134 and 130.3
mAh g-1 at 2 C, 5 C and 10 C, respectively, followed by Sb004-LNMO and undoped LNMO
samples. Considering that tiny Sb dopants reside at the Fd3̄m 16c sites, which is part of the
diffusion path of Li+ during charge/discharge117, 393, the lithium diffusion coefficient of both
undoped and Sb002-LNMO samples was investigated by galvanostatic intermittent titration
technique (GITT) (Figure 6.7). The Sb002-LNMO sample owns a slightly higher diffusion
coefficient than the undoped LNMO (Figure 6.5e), revealing that the introduction of tiny Sb
dopants in the structure doesn’t hamper the movement of Li+ during cycling. Long-term testing
at higher current densities (Figure 6.5f) shows that even after 1500 cycles, the Sb002-LNMO
sample could deliver reversible capacities of 112.1 and 102.9 mAh g-1 at 10 C and 30 C,
corresponding to capacity decay of merely 0.0104% and 0.0112% per cycle, respectively. The
corresponding energy densities of the undoped and Sb-doped LNMOs are shown in Figure
6.5g. Sb002-LNMO delivers an exceptionally high energy density of 668.9 Wh kg-1 at 1 C,
much higher than those of Sb004-LNMO (621.5 Wh kg-1) and undoped LNMO (504.1Wh kg1

). Moreover, Sb002-LNMO could still maintain 86.5% (578.5 Wh kg-1) of its initial energy

density at the 1500th cycle, in sharp contrast with the rapid energy density drop observed for
undoped and Sb004-LNMO samples. More importantly, Sb002-LNMO sample also exhibits
satisfactorily high rate performance, delivering 598.6 and 517.2 Wh kg-1 at a high current of 10
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C and 30 C and maintaining 80.39% (481.2 Wh kg-1) and 80.30% (415.3 Wh kg-1) after 1500
cycles, respectively.

Figure 6.7. Selected single titration curves of (a) undoped LNMO and (b) Sb002-LNMO
samples.

Note: The Li diffusion coefficient (DLi) could be calculated through the following equation394,
395

:

𝐷𝐿𝑖 +

4 𝑚𝐵 𝑉𝑀 2 ∆𝐸𝑆 2
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(
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where mB and MB correspond to the weight and molecular weight of the target active material,
respectively. VM and A represent the molar volume of the active material and the area of the
electrodes, respectively. τ, ΔEτ, ΔEs are all defined in Figure 6.7.

6.3.3 In operando and ex situ mechanistic study
The structure/function relationship in undoped and Sb002-LNMO samples was further
investigated by in operando synchrotron-based X-ray powder diffraction, with the
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corresponding results shown in Figure 6.8a-6.8c and 6.9a as a contour plot with intensity in
colour. The Fd3̄m LNMO spinel is known to suffer solid-solution (one-phase) reaction and
two-phase reaction during Ni2+/Ni3+ (~4.6 V) and Ni3+/Ni4+ (above 4.7 V) redox couples4, 31,
116

, respectively. In undoped LNMO (Figure 6.8a), the 111 reflection initially shifts to the high

2θ range when the voltage increases from open-circuit voltage (OCV) to approximately 4.7 V,
revealing a solid-solution reaction with the reducing lattice parameter and cell volume as a
result of lithium extraction. Subsequently, the 111 reflection experiences significant intensity
change together with peak broadening, and afterwards sharpens at around 8.43º. When the
voltage approaches 4.9 V, the appearance of a new reflection at 8.53 º belongs to the rock salt
phase (Ni0.25Mn0.75O2, NMO) and indicates a two-phase reaction in the material. The peak
intensity of the NMO phase keeps increasing when the discharge process begins, which could
be attributed to the hysteresis in phase evolution of the undoped LNMO, as reported in previous
literatures116, 375. During discharging from 4.9 V to 4.65 V, the active material undergoes a long
two-phase reaction with the co-existing two reflections. As the discharge process continues,
the NMO reflection disappears and the LNMO reflection migrates rapidly back to the low angle
as a result of the intercalation of Li+ into the spinel structure.
In contrast, the electrochemical behaviour of Sb002-LNMO sample appears more smooth and
symmetrical (Figure 6.8b). During the whole charging process, the 111 reflection shifts
continuously from 8.35 º to 8.50 º together with a more moderate variation than that of the
undoped sample, indicating a solid-solution reaction during charge and the superior solidity of
the spinel structure as well. Moreover, the 111 reflection moves back to the low angular region
gradually and reversibly in the subsequent discharge process, instead of the rapid change
observed in the discharge process of undoped LNMO. The symmetrical electrochemical
behaviour reveals a stubborn structure, which could tolerate the structural volume change
caused by Li insertion/extraction and contribute to the superior reaction kinetics due to the site163
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accurate structural modification. Further investigation was carried out in the 50th and 100th
cycles of the Sb002-LNMO sample, with the results shown in Figure 6.9a and 6.8c,
respectively. The continuous peak shift of 111 reflection confirms the mere solid-solution
reaction in the extended testing cycles, without any noticeable refection of the NMO phase at
the same time. To conclude, the engineering at the two octahedral sites could effectively
stabilize the whole spinel structure, preventing the two-phase reaction at the highly-delithiated
state and contributing to the desirable solid-solution reaction in charge/discharge and the
resultant stable electrochemical performance in Figure 6.5.

Figure 6.8 Contour plots of the in operando synchrotron-based XRPD profile of (a) the
undoped LNMO sample in the 1st cycle, and the Sb002-LNMO sample in the (b) 1st and (c)
100th cycles in selected 2θ range, which corresponds to the strongest 111 reflection of the cubic
spinel, with (d-f) the corresponding single peak fitting results and electrochemical curves
shown in the bottom.
Single peak fitting of the 111 reflection was performed to explore the structure/function relation
in detail in LNMO spinels. The lattice parameter of undoped LNMO in the 1st cycle (Figure
6.8d) firstly shrinks from 8.16824(5) Å to 8.08611(7) Å at the end of the solid-solution stage
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and finally to 8.005(1) Å during the two-phase reaction, corresponding to the decrease by 1.01%
and 1.99%, respectively. When lithium is inserted back to the structure during discharge, its
lattice parameter expands but still suffers a 0.07% decrease (8.1629(4) Å) at the end compared
to its initial value. In comparison, the lattice parameter of Sb002-LNMO (Figure 6.8e)
experiences a smooth decrease from 8.17223(6) Å to 8.0303(2) Å (~1.73% structural change)
during charge and recovers to 8.17274(5) Å, which corresponds to a tiny structural change of
merely 0.006%, illustrating the origin of the extraordinarily stable electrochemical
performance of Sb002-LNMO. The high reversibility of the modified spinel structure could be
further confirmed in the 50th (Figure 6.9b) and 100th (Figure 6.8f) cycles. Even after 50 and
100 testing cycles, the lattice parameter of the Sb002-LNMO still maintains 8.1731(1) and
8.1728(1) Å, respectively, We note that the fully charged spinel in the 50th and 100th cycle
owns smaller lattice parameters of 8.0071(2) and 8.0153(1) Å, respectively, than that in the
first charge, which is in accordance with the increased capacity after the first cycle in the
electrochemical characterization.

Figure 6.9 Contour plot of the in operando synchrotron-based XRPD profile of (a) Sb002LNMO sample in the 50th cycle, (b) the corresponding single peak fitting results and
electrochemical curves.
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Ex-situ extended X-ray absorption fine structure (EXAFS) studies at Mn K edge were further
carried out to explore the internal structural changes during the 1st charge in undoped LNMO
(Figure 6.10a) and Sb002-LNMO (Figure 6.10b) samples. The two shells at ~1.4 and 2.7 Å
correspond to the Mn-O and Mn-Mn/Ni interaction116, 396, respectively. Notably, the full-width
at half-maximum (FWHM) of Mn-O peak of the undoped LNMO at OCV state is significantly
larger than the equivalent of Sb002-LNMO, which reveals that the Mn-O bond length varies
widely in the undoped sample, resulting in the significant distortion of the Mn-containing
octahedron and the spinel structure as well. Also, the FWHM of the Mn-O shell in undoped
LNMO becomes larger and larger with the increasing voltage, indicating the drastic
aggravation of the distorted structure with lithium depopulation in the structure. In contrast,
the Mn-O shell keeps almost unchanged during the whole charge in the Sb002-LNMO sample,
again confirming the uniform Mn-O bonds, regular octahedron, and stubborn spinel framework,
which could tolerate the high-voltage extreme condition and contribute to the whole solidsolution during testing, as observed in sXRPD investigations. Little changes could be found in
the Mn-Mn(Ni) interaction in either undoped LNMO or Sb002-LNMO, which could probably
be ascribed to the long distance between two transition metal ions.
Considering that the surface property of the active material significantly affects its
electrochemical performance109,

126

, synchrotron-based soft X-ray absorption spectroscopy

(SXR) technique is employed to detect the surface chemical states of the undoped LNMO and
Sb002-LNMO samples upon charge and discharge. Figure 6.10c shows the Mn L edge SXR
spectra of both samples at the different states of charge. The two spectra at the OCV state
resemble each other, with the predominant Mn4+ and minor Mn3+ in the referred samples188, 190,
consistent with the electrochemical testing. However, the charged spectra of the undoped
LNMO shows notable intensity decrease compared to the almost unchanged intensity in Sb002LNMO, as a result of the dissolution of Mn at the particle surface in undoped LNMO. At the
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end of discharge, both spectra change significantly with the appearance of the Mn2+ features,
which is extensively reported in previous literatures109, 117, 190. The Sb002-LNMO sample owns
a much lower ratio between Mn2+ and Mn4+ than the undoped counterpart, revealing that the
modified structure could effectively relieve the Mn reduction.

Figure 6.10 Mn K edge EXAFS spectra of (a) undoped LNMO and (b) Sb002-LNMO samples
at different voltages during the first charge; (c) Mn L edge and (d) O K edge SXR spectra of
the undoped LNMO and Sb002-LNMO samples at the OCV, fully charged ad fully discharged
states.
Figure 6.11 shows the Ni L edge SXR spectra of the two samples, with no detectable changes
between OCV and discharged state in either sample, which is possibly due to the low valence
state of Ni2+ and its good stability109. Peak A and peak B in the pre-edge region in the O K edge
spectra (Figure 6.10d) corresponds to the t2g and eg symmetry109, 397, 398, respectively, which
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originate from the hybridization of the O 2p with the transition metal 3d orbitals. Meanwhile,
peak E and F at the edge zone are related to the hybridization of the O 2p with the transition
metal 4sp orbitals398, 399. Peak C is the fingerprinting feature of the carbonate species, which
constitute the well-known solid-electrolyte interphase (SEI) layer109, 117, 400. During charge,
peak A and peak B in both samples experience distinct intensity drop, which could be attributed
to the formation of the SEI layer outside the particle, as confirmed by the intensity increase of
peak C. Strikingly, only the features B and C still exist in the discharged state of undoped
LNMO sample. Peak B is assigned to the hybridization of the O 2p with Ni2+ 3d, as a result of
the full-occupied t2g and half-filled eg orbitals of Ni2+ (t62g e2g). The disappearance of feature A
also reveals the severe dissolution of Mn at the surface of the undoped LNMO, which is
significantly relieved in the Sb002-LNMO sample, again confirming the reduced dissolution
of Mn in the modified structure during electrochemical cycling. Additionally, the Sb002LNMO also shows a much weaker feature C than the undoped LNMO at the discharged state,
indicating the formation of a thinner SEI layer outside the particles, contributing to the superior
reaction kinetics and stable electrochemical performance in Figure 6.5.
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Figure 6.11 Ni L edge SXR spectra of undoped LNMO and Sb002-LNMO samples at OCV
and fully discharged state.
Further investigation on the phase transformation and structural evolution of both undoped
LNMO and Sb002-LNMO in 18650-type full cells with a counter electrode of TiNb2O7 (TNO)
was carried out by in operando NPD, of which the high penetration and nondestructive nature
between neutrons and materials of makes it a powerful tool in LIB researches34, 401. The fullangular-range in operando NPD data of Sb002-LNMO//TNO and LNMO//TNO full batteries
are shown in Figure 6.12 as a contour plot with intensity in colour.

Figure 6.12 Contour plot of the in operando NPD data of (a) LNMO//TNO and (b) Sb002LNMO//TNO full cells.
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To show the structural evolution and phase transformation of the active materials in more detail,
selected 2θ ranges of 35º-39º and 61.0º - 64.0º, which corresponds to the 110 reflection of TNO
and 222 reflection of LNMO in the Sb002-LNMO//TNO batteries116, are shown in Figure
6.13a and 6.13b, respectively. The corresponding NPD data in selected angular ranges of
LNMO//TNO batteries is shown in Figure 6.14a and 6.14b.

Figure 6.13 Selected 2θ regions showing the evolution of (a) TNO 110 reflection and (b)
LNMO 222 reflection in the Sb002-LNMO//TNO full cells during charge and discharge
processes; (c) single peak fitting result of the LNMO 222 reflection in the Sb002-LNMO//TNO
full batteries alongside (d) the electrochemical data; comparison of the maximal lattice
parameter change of the LNMO//TNO and Sb002-LNMO//TNO full batteries (e) between
OCV and fully charged state, and (f) between OCV and fully discharged state.
During NPD data recording, different currents of 0.115 A (corresponding to a 10-hour charge
or discharge), 0.23 A, and 0.575 A were applied to the cells in order to compare their rate
capability. During charge, the cathode 222 reflection shifts gradually to the higher angle with
the synchronous movement of anode 110 reflection to a lower angle. In the subsequent
discharging process, the LNMO 222 reflection and TNO 110 reflection migrate back to the
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lower and higher angle, respectively, revealing that both electrodes of the full batteries function
well in the prototype full cells. The results of the single peak fitting of the LNMO 222 reflection
of the Sb002-LNMO//TNO and LNMO//TNO full batteries are shown in Figure 6.13c and
Figure 6.14c, respectively, along with the corresponding electrochemical data (Figure 6.13d
and Figure 6.14d).

Figure 6.14 Selected 2θ regions showing the evolution of (a) TNO 110 reflection and (b)
LNMO 222 reflection in the LNMO//TNO full cells during charge and discharge processes; (c)
single peak fitting result of the LNMO 222 reflection in the LNMO//TNO full batteries
alongside (d) the corresponding electrochemical data.
The superior structural reversibility and close electrochemical response under different current
densities during NPD data acquisition are consistent with our observations in the sXRPD and
electrochemical characterizations. We summarize the corresponding lattice parameter change
of the Sb002-LNMO//TNO and LNMO//TNO full batteries between OCV and fully charged
state, and between OCV and full discharged state in Figure 6.13e, 6.13f and Table 6.2,
respectively. With the increasing applied current density, the undoped LNMO within
functioning full batteries shows a significant decrease in the structural response (Figure 6.13e),
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which is effectively relieved in the Sb002-LNMO materials, consistent with the improved rate
capability in Figure 6.5d. The lattice parameter changes between OCV and discharged state
(Figure 6.13f) could be used to determine to the structural reversibility of the spinel, where the
lattice parameter change in undoped LNMO sample varies drastically during electrochemical
testing due to its inferior stability of the spinel structure. In contrast, the Sb002-LNMO sample
exhibits almost no changes at all current densities between these two states, again revealing its
superior structural stability derived from the site-accurate structural engineering.
Table 6.2 Maximal lattice parameter change of the LNMO spinel in the NPD data of Sb002LNMO//TNO and LNMO//TNO full cells.

6.4 Conclusion
In summary, we have shown the success of our site-accurate structural engineering in
stabilizing the structures of high-energy-density cathodes during battery functioning, by using
the well-known high-voltage spinel LNMO cathode as an example, of which the structural
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degradation induced by high-operating voltage and Mn dissolution from the framework into
electrolyte remain the characteristic issues of LIB electrodes that need to be settled before
future commercialization. Specifically, the substitution of Sb dopants for Mn at 16d sites within
the Fd3̄m structure relieves the Jahn-Teller distortion of the Mn-containing octahedrons during
electrochemical cycling, reduces detrimental Mn dissolution issues, and thus underpins the
structural integrity and stability of the cathodes. Meanwhile, the dopant residence at
previously-empty 16c site significantly enhances the structural stability and reversibility as
structural pillars, especially at the highly-delithiated state, transforming the hazardous twophase reaction into a moderate solid-solution reaction. Accordingly, the modified cathode
could deliver up to 99% of its theoretical specific capacity at 1 C together with the energy
density reaching as high as 668.9 Wh kg-1, and maintain 87.6% and 72.4% of its initial capacity
even after 1500 and 3000 extended long-term cycles, respectively. This work highlights the
importance of exact structural engineering on the cathode structure and provides a unique
perspective for battery researchers to accurately tailor the electrochemical performance of
battery materials by site-accurate doping.
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Chapter 7: Effect of AlF3-coated Li4Ti5O12 on the performance and function
of the LiNi0.5Mn1.5O4// Li4Ti5O12 full battery
We have focused on the issues of the LNMO cathode in the half-cell configurations in Chapter
4, Chapter 5, and Chapter 6, and proposed successful strategies to solve the existing issues.
Importantly, special attention should also be paid to the LNMO-containing full batteries in
order to prompt the future commercialization of the LNMO spinel. In this chapter, we prepared
the 18650-type LiNi0.5Mn1.5O4//Li4Ti5O12 (LMNO//LTO) full battery and applied an AlF3
coating on the LTO electrode particles since the LTO anode is known to suffer severe
interphase issues within the full battery. We measured the performance enhancement to the
LMNO//LTO battery achieved by an AlF3 coating on the LTO particles through
electrochemical testing and use in-operando NPD to study the changes to the evolution of the
bulk crystal structure during battery cycling. It is found that the AlF3 coating along with
parasitic Al doping slightly increases capacity and greatly increases rate capability of the LTO
electrode, as well as significantly reducing capacity loss on cycling, facilitating a gradual
increase in capacity during the first 50 cycles. NPD reveals a structural response of the LTO
and LNMO electrodes consistent with greater availability of lithium in the battery containing
AlF3-coated LTO. Further, the coating increases the rate of the structural response of the
LNMO electrode during charge, suggesting faster delithiation, and enhanced Li diffusion. This
work demonstrates the importance of studying such battery performance effects within full
configuration batteries.
This section is adapted from the article named “Effect of AlF3-Coated Li4Ti5O12 on the
Performance and Function of the LiNi0.5Mn1.5O4||Li4Ti5O12 Full Battery—An in-operando
Neutron Powder Diffraction Study” (by Gemeng Liang et al., Front. Energy Res., 2018, 6,
89).
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7.1 Introduction
LIBs are the main choice of power source for portable electronic devices, including emerging
electric vehicle (EV) and hybrid electric vehicle (HEV) technologies, as a result of their low
cost, high energy power density, and relatively long cycle life.7, 402-404 The first commercial
LIBs used lithium cobalt oxide (LiCoO2) as the positive electrode and graphite as the negative
electrode, however, the low energy density of this battery is insufficient to satisfy the demands
of developing technology,7, 405 stimulating the exploration of novel electrode materials with
higher energy/power capabilities than the existing state-of-the-art.
The performance limitation in existing LIB technology is the positive electrode, with new
materials possessing both higher capacity and average working voltage required to further
improve battery energy densities.88, 406 In recent years, layered positive electrode materials
related to LiCoO2, such as LiNi1/3Mn1/3Co1/3O2 (NMC) and LiNi0.8Co0.15Al0.05O2 (NCA), have
been extensively studied and are now used commercially as a result of their relatively-high
capacity.407 However, these materials possess a relatively-low working potential (∼ 3.7 V vs.
Li/Li+) and suffer from severe voltage decay, limiting their application.408, 409 Other positive
electrode materials with high voltage such as LiMn2O4 (4.0 V vs. Li/Li+),410, 411 LiNi0.5Mn1.5O4
(LNMO) (∼ 4.7 V vs. Li/Li+),17, 50, 88 and LiCoAsO4 (4.6 V vs. Li/Li+)412, 413 have also been
studied with the aim of improving LIB performance. The LNMO material is arguably the most
promising positive electrode material for the next generation of high-energy-density LIBs, due
to its high working voltage, low fabrication cost, relative environmental friendliness, and
reasonable cycle stability.50, 88 Moreover, LNMO possesses a practical capacity of more than
140 mAh g-1 and an average working voltage of 4.7 V (vs. Li/Li+), resulting in an exceptionally
high energy density, reaching as high as 650Wh kg-1, beyond that of most other LIB positive
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electrode materials such as LiFePO4 at ∼ 560 Wh kg-1, LiMn2O4 at ∼ 480 Wh kg-1, and
LiMn1/3Ni1/3Co1/3O2 at ∼ 510 Wh kg-1.50, 414
LNMO crystalizes into a cubic structure which can have two different atom arrangements, one
being a phase with P4332 space group and the other having Fd3̅m space group symmetry.27, 31,
32, 415, 416

Both these phases exhibit similar electrochemical performance, with the Fd3̅m phase

being slightly more favourable due to faster Li+ ion diffusion and high structural stability,416
where the P4332 space group phase suffers multiple cubic/cubic two-phase reactions during
cycling, resulting in phase segregation and grain boundary movement, limiting the Li diffusion
rate.
Positive electrode materials such as LNMO are commonly paired with a carbonaceous negative
electrode in a full LIB, but this negative electrode suffers from lithium dendrite growth,
especially at a high rate, and the formation of a thick solid electrolyte interphase (SEI) at
voltage < 0.8 V vs. Li/Li+, further deteriorating rate performance and cycle life.417, 418 Another
negative electrode commonly paired with LNMO is the so-called “zero-strain” Li4Ti5O12 (LTO)
material, with a plateau at 1.55 V vs. Li/Li+ and superb structural stability and stable cycle
performance.31 Although the working voltage of a LIB containing LTO is reduced a little
relative to the carbonaceous negative electrode, the issues associated with lithium dendrite and
SEI formation can be effectively avoided, enabling superior cycle life.
Consequently, full LIBs containing LTO counter electrodes have been intensively studied, with
the LiMn2O4//Li4Ti5O12 full-cell noted to have good safety and electrochemical performance.419,
420

However, a major drawback of the LiMn2O4//Li4Ti5O12 system is its relatively low working

voltage of ∼ 2.5 V, limiting its high energy application. Alternative LNMO//LTO systems with
higher working voltages have been investigated, aiming for a working voltage of ∼ 3.2 V.60,
421-424

Ariyoshi and Ohzuku421 first reported a 3 V LNMO//LTO system, expected to be widely
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used in lead-free accumulators, EVs, and HEVs. A further barrier to achieving high voltage
LNMO//LTO is the stability of organic-carbonate-based electrolytes, and Xiang et al.425
enhanced the operational safety of this electrode combination by using a non-flammable
dimethyl methylphosphonate (DMMP) based electrolyte.
Nevertheless, even with these advancements, the performance of the LNMO//LTO system
remains limited by the cycle life of the spinel positive electrode, where the material undergoes
two-phase behaviour at higher voltages and suffers from Jahn-Teller distortion resulting in the
dissolution of Mn into the electrolyte.426 To resolve these issues, electrode modifications have
been adopted, such as doping LNMO to avoid Jahn-Teller distortion and coating the active
material particle surface to minimize the attack of the hydrofluoric acid produced during
electrolyte decomposition.64, 108, 427 Compared with doping strategies, the surface coating is
more popular due to its simplicity and high efficiency. AlF3 is commonly used as protecting
layer on electrode particles, avoiding the direct exposure to the electrolyte174 and effectively
mitigating against the hydrofluoric acid produced by electrolyte decomposition at high
voltage,428-430 as well as against severe gassing behaviour of LTO known to occur during
cycling.431 LNMO and Li[Li0.2Ni0.17Co0.07Mn0.56]O2 coated with AlF3 exhibit better
electrochemical performance.174, 429 However, the majority of research into the effect of AlF3
coatings on electrode particles focus on the positive electrode, and work studying the modified
LTO material in a full-configuration battery is lacking.
In this work, we performed a comparative study to investigate how an AlF3 coated LTO
enhances the electrochemical performance of an LNMO//LTO full-configuration battery using
high-resolution and in-operando neutron powder diffraction (NPD). NPD has been widely
employed to perform mechanistic studies of active electrode materials in LIBs. The nuclear
scattering mechanism sometimes results in elemental contrast that is difficult to achieve using
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X-ray diffraction, such as a high sensitivity to lighter elements (i.e., Li and O) in the presence
of heavier elements and transition metals with a similar number of electrons. For example, the
elements in an LNMO//LTO battery, Li, Ni, Mn, O, and Ti, have coherent neutron scattering
lengths of -1.9, 10.3, -3.7, 5.8, and -3.4 fm, respectively, making NPD one of the most powerful
analytical tools for this study.31, 432, 433 Further, the high penetration depth and non-destructive
nature of neutrons, as well as advanced modern detectors and instrumentation, enable the realtime monitoring of structural changes of active electrode materials inside functioning LIBs.31,
50, 257, 432

Using NPD, the Li content and location within the LNMO and LTO electrodes can be

measured, yielding information that is crucially important to understand the functional
mechanism of the LNMO//LTO battery. For example, Zhao et al.433 explored the relationship
between the Li+/Ni2+ ion exchange rate and electrochemical performance of the
LiNixMnyCo1−x−yO2 positive electrode, and our previous work31,

432

revealed the structural

evolution in detail of LNMO and Li diffusion path within the LTO electrode in an LNMO//LTO
full battery using in-operando NPD. We note the capability of NPD to examine in detail 18650standard full-configuration batteries, making the approach of industrial relevance in the
analysis of the real-time phase transformation and structural change inside commercial
batteries.
Our present NPD study of the AlF3 coated LTO within an LNMO//LTO full-configuration
battery reveals that the AlF3 coated LTO enhances cycle stability of the battery as well as
inducing faster structural response of the LNMO counter electrode during its solid solution
behaviour during charge.

178

Chapter 7

7.2 Experimental methods
7.2.1 Material synthesis
LNMO powders were prepared by a co-precipitation method. NiSO4·6H2O (98%, Sigma
Aldrich) and MnSO4·H2O (98%, Sigma Aldrich) (1:3 mole ratio) were added into distilled
water and stirred to obtain a homogenous aqueous solution. The solution was pumped into the
reactor at 50 °C and the pH value of the solution was kept at 10.5 by adding NH4OH aqueous
solution (28%, Sigma Aldrich) to obtain the homogenous Ni0.25Mn0.75(OH)2 precursors. These
precursors were then thoroughly mixed with the lithium carbonate (Li2CO3) powders (99%,
Sigma Aldrich). After calcination at 750 °C for 12h, the LNMO powders were obtained.
To synthesize the LTO, a sol-gel method was used. Lithium acetate (98%, Sigma Aldrich)
and tetrabutyltitanate (98%, Sigma Aldrich) (4:5 mole ratio) were mixed with citric acid (99%,
Sigma Aldrich) in ethanol solution (99.5%, Sigma Aldrich). A homogenous white gel was
formed after aging the mixed solution for 3 hours. The white gel was then heated at 80 °C to
obtain an organic precursor and the precursor was further calcined at 800 °C for 3 hours to
yield the fine LTO powders.
To prepare AlF3-modified LTO, the aluminium nitrate nonahydrate and the ammonium
fluoride solutions were firstly prepared by dissolving the ammonium fluoride (99%, Aldrich)
and aluminium nitrate nonahydrate (99%, Aldrich) in distilled water, respectively. After LTO
powders were immersed into the aluminium nitrate solution, the ammonium fluoride solution
was slowly added to the former solution to achieve a molar ratio of Al to F of 1:3 and the
amount of AlF3 in the solution corresponded to 10 wt% of the LTO powders. The solution
containing the anode powders was constantly stirred at 80 °C for 5 h and then filtered by
distilled water. Subsequently, the obtained LTO powders were heated at 400 °C for 3 h in the
nitrogen flowing to avoid the formation of Al2O3.
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7.2.2 Material characterization
The morphologies of LNMO, LTO, and AlF3-coated LTO were investigated by scanning
electron microscopy (SEM) using a JEOL JSM7500 and transmission electron microscopy
(TEM) using a 200 kV JEOL 2011. Elemental mapping using energy dispersive spectroscopy
(EDS) was performed using a JEOL ARM-200F aberration-corrected transmission electron
microscope. The phase and composition of the LNMO, LTO, and AlF3-coated LTO were also
characterized using a combination of laboratory XRPD carried out on a Shimadzu Corporation
6000 X-ray diffractometer equipped with a Cu source and high-resolution NPD performed on
the high-resolution neutron powder diffractometer ECHIDNA255 at the Open Pool Australian
Light water (OPAL) research reactor at the Australian Nuclear Science and Technology
Organization (ANSTO). High-resolution NPD data were collected over the 2θ angular range
4–164◦ with a step size of 0.125º with neutrons of wavelength 1.6218(3) Å as determined using
the La11B6 National Institute of Standards and Technology (NIST) standard reference material
660b. Structural analysis was performed using a joint refinement against both XRPD and NPD
data using the GSAS-II software.334 Refined phase parameters included the lattice parameter,
oxygen positional parameter, isotropic atomic displacement parameters, and site occupancy
factors.
Positive electrodes were prepared by mixing LNMO, polyvinylidene difluoride (PVDF), and
carbon black (super P) in a weight ratio of 83:7:10 with N-methyl-2-pyrrolidinone (NMP).
After continuously stirring for 3 h the homogenous slurry was coated onto aluminium foil and
dried in vacuum at 120◦C for 12 h. Negative electrodes were prepared by mixing LTO, PVDF,
and super P in a weight ratio of 80:10:10 in NMP, which was stirred, and then coated onto
copper foil, and then dried using that same procedure as for the positive electrode preparation.
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The electrochemical performance of the LNMO, LTO, and AlF3-LTO as working electrodes
in half-configuration coin cells was tested. Half cells were assembled using Li foil as counter
electrode and Celgard® 2400 polypropylene membrane as a separator. The electrolyte used was
1M LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) in a 1:1 ratio by volume.
The cell was assembled in an Ar-filled glove box (O2 < 1 ppm, H2O < 1 ppm) and prepared
cells galvanostatically tested using a LAND multichannel battery testing system (CT2001A).
18650-standard full-configuration 900 - 1000 mAh batteries were assembled at the Industrial
Technology Research Institute (ITRI) in Taiwan. The performance of the LNMO//LTO
systems was evaluated in these batteries between 0.5 and 3.3 V (vs. LTO) using a Maccor series
4000 (USA). These 18650-standard full-configuration batteries were also used in in-operando
NPD experiments with Wombat,298 the high-intensity neutron powder diffractometer at
ANSTO (a schematic is shown in Figure 7.1). Data were collected every minute over a 2θ
angular range 20 - 136.9º using neutrons of 2.4123(2) Å, as determined using the La11B6 NIST
standard reference material 660b, during cycling within 2.0 - 3.4 V at a current of 0.09 A
(equivalent to ∼0.1 C). Single-peak fitting of LTO and LNMO reflections was performed using
the Large Array Manipulation Program.362
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Figure 7.1 Top-view schematic of the experimental setup on the high-intensity powder
diffractometer Wombat at ANSTO, where the neutron beam illuminates the full battery and
diffracted neutrons are detected over one minute in the 2θ angular range of 20 -136.9o.
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7.3 Results and discussions
The morphology and particle size of LTO and AlF3-coated LTO as characterized using SEM
and TEM are shown in Figures 7.2a, 7.2cand Figures 7.3a, 7.3b, revealing that the secondary
particles of both LTO and AlF3-coated LTO are highly porous microspheres with a diameter
of 3 - 10μm and composed of primary particles of ∼50 nm in diameter. These morphology
features promote electrolyte permeation.

Figure 7.2 SEM micrographs of (a) LTO and (c) AlF3-coated LTO; TEM micrographs of (b)
LTO with inset showing a magnification of the area outlined in yellow with fringes across the
(111), and (d) AlF3-coated LTO with inset showing a whole particle at lower magnification.
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Figure 7.3 SEM images of (a) LTO, (b) AlF3 coated LTO, (c) and (d) LNMO at different
magnitudes.

Figure 7.2b reveals crystalline pristine LTO where the observed (111) lattice (inset) has a
spacing of approximately ∼0.48 nm, as consistent with the LTO structure.434, 435 Figure 7.2d
shows a uniform coating on the LTO particle, of thickness 100∼200 nm. Results of elemental
mapping using EDS are shown in Figure 7.4, clearly revealing a uniform distribution of Al
and F around a particle with a central core of Ti and O, confirming a uniform AlF3 coating.
The morphology of the LNMO material is shown in Figures 7.3c and 7.3d, where LNMO
microspheres are 3-12 μm in diameter and composed of bar-like primary particles ∼500 nm in
diameter and ∼2 μm in length.
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Figure 7.4 (a) TEM image of the AlF3 coated LTO; (b) enlargement of the red rectangle zone
in Figure 2a showing the region of EDS mapping; (c), (d), (e) and (f) show the distribution of
O, Ti, Al and F, respectively; (g) an overlay of the distribution of Ti and Al; and (h) an overlay
of the distribution of Ti and F.
Structural refinement results for LTO and AlF3 coated LTO, as well as LNMO materials
performed using both high-resolution NPD and XRPD data are shown in Table 7.1 and Table
7.2, respectively, and the corresponding Rietveld refinement profiles in Figure 7.5 and Figure
7.6, respectively.
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Table 7.1 Crystallographic details of LTO and AlF3-coated LTO obtained from joint Rietveld
analysis using XRPD and NPD data.

Pristine Li4Ti5O12
̅m
Space Group = Fd𝟑

a = 8.3505(2)Å，Volume = 582.30(4) Å3
site occupancy

atom

site

x

y

z

Uiso (Å2)

Li

8a

0.375

0.375

0.375

0.015(1)

1

Li

16d

0

0

0

0.0100(3)a

0.167

Ti

16d

0

0

0

0.0100(3)a

0.833

O

32e

0.23754(4)b

0.23754(4)b

0.23754(4)b

0.0087(2)

1

factor

AlF3-coated Li4Ti5O12
̅m
Space Group = Fd𝟑

a = 8.3447(2)Å，Volume = 581.07(5) Å3
site occupancy

atom

site

x

y

z

Uiso (Å2)

Li

8a

0.375

0.375

0.375

0.025(1)

1

Li

16d

0

0

0

0.0106(4)c

0.167

Ti

16d

0

0

0

0.0106(4)c

0.802(3)e
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Al

16d

0

0

0

0.0106(4)c

0.031(3)e

O

32e

0.23752(4)d

0.23752(4)d

0.23752(4)d

0.0121(2)

1

a,b,c,d

constrained to be the same.

e

constrained the sum to be 0.833.

Table 7.2 Crystallographic details of LNMO obtained from joint Rietveld analysis using
XRPD and NPD data.

LiNi0.5Mn1.5O4
Space group = P4332 (weight fraction 22(2)%)
a = 8.1792(9)Å，Volume = 547.1(2) Å3

atom

site

Mn

12d

Ni

12d

Mn

4b

x

y

z

Uiso (Å )

Site
occupancy
factor

0.125

0.381(1)

0.868(1)

0.006(1)a

1

0.625

0.625

0.625

0.006(1)a

1

2

Ni

4b

Li

8c

-0.005(2)

-0.005(2)

-0.005(2)

0.006(1)a

1

O

8c

0.385(1)

0.385(1)

0.385(1)

0.006(1)a

1

O

24e

0.1508(9)

0.8569(8)

0.1343(9)

0.006(1)a

1

LiNi0.5Mn1.5O4
Space group = Fd3̅m (weight fraction 78(2)%)
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a = 8.1764(5)Å，Volume = 546.6(1) Å3

atom

site

x

y

z

Uiso (Å2)

Site occupancy
factor

Mn

16d

0.5

0.5

0.5

0.0097(5)b

0.75

Ni

16d

0.5

0.5

0.5

0.0097(5)b

0.25

Li

8a

0.125

0.125

0.125

0.0097(5)b

1

O

32e

0.2623(2)

0.2623(2)

0.2623(2)

0.0097(5)b

1

a

This pair constrained to sum to unity.

b

This pair constrained to sum to unity

Figure 7.5 Rietveld refinement profiles for (a) NPD and (b) XRPD data of LTO, and (c) NPD
and (d) XRPD data of AlF3-coated LTO. The combined GOF are 2.58 and 2.15, respectively.
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Figure 7.6 Rietveld refinement profile for LNMO using joint (a) NPD and (b) XRPD data.
The LTO and AlF3 coated LTO phase are both found to be cubic with a Fd3̅m space group.31
The lattice parameter of the LTO is slightly smaller in the coated material, possibly as a result
of the doping of ∼3% Al into the LTO structure, as found in the crystallographic analysis and
in good agreement with previous work reporting the partial substitution of Al at the 16c site in
the LTO spinel.431, 436 We identify the parasitic doping of Al into the LTO structure in our
crystallographic analysis, which was not performed in previous studies of AlF3-coated
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electrodes,437, 438 despite Al doping in LTO being associated with improved cycling stability
and better rate capability.436 We note the possibility of the doping of F onto the O site, however,
the determination of this is very difficult given the low contrast for these elements in both NPD
and XRPD data, as noted in a previous study.432
Our analysis also revealed that both LTO samples contain minor phases of Li2O (space group
Fm 3̅ m, Inorganic Crystal Structure Database entry number 54368), Li2O2 (space group
P63/mmc, Inorganic Crystal Structure Database entry number 50658) and rutile-type TiO2
(space group P42/mnm, Inorganic Crystal Structure Database entry number 31324) in the phase
composition reported in Table 7.3. We note a larger fraction of rutile in the AlF3-coated LTO,
further supporting the doping of Al in the LTO. Although these minor phases result in a slight
reduction in capacity, we focus on the LTO behaviour in the following discussion.

Table 7.3 Phase compositions in LTO and AlF3-coated LTO samples.
Weight fraction (%)
Samples
LTO

Li2O

Li2O2

Rutile-TiO2

LTO

94.66(5)

4.0(1)

0.44(4)

0.9(1)

AlF3-coated LTO

93.10(5)

3.6(2)

0.40(4)

2.9(2)

The inherently lower resolution of the NPD data relative to the XRPD data meant that the AlF3
was only detectable in the XRPD data. The Rietveld refinement profile using XRPD data of
the AlF3-coated LTO sample is shown in Figure 7.7, revealing weight fractions of LTO: AlF3
to be 89(1):11(1) in good agreement with the nominal composition used in the synthesis.
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Figure 7.7 Rietveld refinement profile using XRPD data of the AlF3-coated LTO sample.
The LNMO sample is found to be composed of both P4332 and Fd3̅m space group phases of
amounts 22(2) and 78(2)%, respectively (Table 7.2 and Figure 7.6). The lattice and atomic
parameters of both phases of LNMO are summarized in Table 7.2. The charge-discharge curve
of half cells containing LNMO appears similar to that of those for cells containing only the
Fd3̅m space group LNMO phase (Figure 7.8), confirming that the majority of the sample is
composed of LNMO with Fd3̅m space group, which is considered in the following discussion.

Figure 7.8 (a) cycling performance of LNMO at 0.1 C, (b) corresponding charge and discharge
curves.
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The electrochemical performance of the pristine LTO and AlF3-coated LTO in half-cells are
shown in Figure 7.9. Figure 7.9a shows the cycling performance of both LTO at a current
density of 1 C (1 C = 175mA g-1). The uncoated LTO delivers a similar but slightly higher
capacity performance (discharge capacity of 162 mAh g-1 and charge capacity of 149 mAh g-1)
than the AlF3-coated LTO, which has a capacity of 157 mAh g-1 and a charge capacity of 142
mAh g-1. The slightly lower charge capacity of the coated LTO is attributed to the addition of
the AlF3 [11(1) wt.%], which does not contribute to lithium storage. When the LTO component
only is considered, the charge capacity of AlF3-coated LTO is 159 mAh g-1, ∼85 and 91% of
the theoretical charge capacity in the uncoated and coated LTO, respectively.

Figure 7.9 (a) Cycling performance and Columbic efficiency of LTO and AlF3-coated LTO at
1C up to 260 cycles; (b) rate performance of LTO and AlF3-coated LTO; 1st, 50th, and 200th
charge-discharge curves of (c) LTO and (d) AlF3-coated LTO at 1C. The capacity of AlF3-
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coated LTO sample is measured for the composite, including electrochemically active LTO
and inactive AlF3.
In terms of cycling performance, the AlF3-coated LTO retains∼93% of capacity after 265
cycles compared with ∼81% by the uncoated LTO. The average capacity decay per cycle of
LTO and AlF3-coated LTO is ∼0.070 and ∼0.025%, respectively, with the nearly 300%
improvement in the cycling stability of the coated sample attributed to protection against
hydrofluoric acid attack. Whilst the underlying mechanism for the known issue of the gassing
of LTO is yet to fully understood, it is thought to originate from a reaction of Ti and electrolyte,
initiating the electrolyte decomposition,219 and the AlF3-coating may also help to prevent this
behaviour. Further contributing to this enhanced cycling stability may be the parasitic Al
doping induced by the coating, where the Al-O bond strengthens the MO6 octahedron.439
Figure 7.9b compares the rate capabilities of the uncoated and coated LTO. We note that our
reported capacities are only for the LTO content of the electrode. The uncoated LTO delivers
a capacity of 158, 154, and 146 mAh g-1 at a current density of 0.2 C, 0.5 C, and 1 C,
respectively, lower than those of the AlF3-coated LTO of 163, 158, and 156 mAh g-1 when the
LTO component is considered only, respectively. However, at larger current densities of 2 C
and 4 C, the AlF3-coated LTO anode delivers a capacity of 153 and 147 mAh g-1 (considering
only the LTO component), respectively, much higher than for the uncoated LTO (122 and
90mAh g-1, respectively). The improved rate capability of the AlF3-coated LTO is ascribed to
enhanced ionic conductivity as a result of both the coating and Al doping into the structure.
We note that the capacity of both uncoated and coated LTO recovered to almost their original
value in the first ten cycles at 0.2 C, of 157 and 143 (161 for only the LTO component) mAh
g-1, respectively.

193

Chapter 7
Figures 7.9c and 7.9d show the 1st, 50th, and 200th charge-discharge curves of the uncoated
and AlF3-coated LTO at 1 C. In the 1st cycle, the typical plateaus of LTO (∼ 1.6 V during
charge and ∼ 1.4 V during discharge) are observed for both samples. The AlF3-coated LTO is
found to have a lower degree of polarization (0.17 V) than the uncoated LTO (0.25 V). Upon
cycling, the polarization of the uncoated LTO increases dramatically after 200 cycles, where
the curve becomes distorted without recognizable plateaus. On the contrary, plateaus in the
200th charge-discharge curve for AlF3-coated LTO are observed at 1.58 V and 1.51 V during
delithiation and lithiation process, respectively, indicating enhanced structural stability and
cycling performance.
Full battery test results using 18650-type LNMO//LTO batteries are shown in Figure 7.10. At
0.1 C, the LNMO//AlF3-coated LTO battery delivered a charge capacity of 1097 mAh and a
discharge capacity of 944 mAh, constituting ∼86% columbic efficiency in the first cycle
(Figure 7.10a). The first cycle irreversible capacity was 153 mAh and the overlapped discharge
curves of the first and second cycle indicate a stable cycling performance. Figure 7.10b shows
the rate performance of the full battery, where the rate-induced potential polarization only
increases slightly with increasing current density and the curve retaining obvious plateaus
during both charge and discharge. These results reveal superior reaction kinetics of the
LNMO//AlF3-coated LTO full battery relative to the battery containing uncoated LTO. A
comparison of the electrochemical performance of the 18650-type full cells containing
uncoated and coated LTO is shown in Figures 7.10c and 7.10d, respectively. The battery
containing the coated LTO has a slightly lower capacity, commensurate with the reduced
amount of active LTO, and greatly enhanced cycle performance. Further, unlike the uncoated
LTO battery, a gradual increasing capacity during cycling at 1 C was observed in the battery
with the coated LTO during the first 50 cycles (Figures 7.10c and 7.10d).
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Figure 7.10 (a) charge and discharge curves of the first two cycles of a typical LNMO//AlF3coated LTO 18650-type battery at 0.1 C; (b) charge and discharge curves of a typical
LNMO//AlF3-coated LTO 18650-type battery at different current densities.; (c) cycling
performance of a typical LNMO//LTO 18650-type battery at 1 C, (d) cycling performance of
a typical LNMO//AlF3-coated LTO 18650-type battery at 1 C.

To elucidate the mechanism for the enhanced performance of the LNMO//LTO battery
achieved by the AlF3 coating of the LTO, we employed in operando NPD to investigate the
phase and structure evolution of the electrodes in 18650 batteries containing LNMO and either
coated or uncoated LTO. Full-angular-range contour plots of in operando NPD data in different

195

Chapter 7
cycles of the LNMO//LTO batteries and LNMO//AlF3-coated LTO batteries are shown in
Figure 7.11.

Figure 7.11 Contour plot of in operando NPD data of the LNMO//LTO battery over the fullangular-range (a) in the first two cycles and (b) in the 51st cycle, and of the LNMO//AlF3-coated
LTO battery (c) in the first two cycles and (d) in the 51st cycle, with the corresponding charge
and discharge curve (Figure II) and initial powder diffraction profile of each (Figure III) shown
alongside.
To show the structural response of the electrodes in more detail, Figure 7.12 shows contour
plots of the NPD data for both batteries in a selected 2θ range. The 18650-type batteries contain
a conventional organic hydrogenated electrolyte and Celgard® 2400 separator, both of which
are rich in hydrogen and lead to a significant background in the NPD data. Nevertheless, the
evolution of the LTO 222 and LNMO 222 reflections during cycling are observed. As LTO is
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a “zero strain” lithium insertion electrode, the LTO 222 reflection position change during
battery cycling is expected to be small. Despite this, the minor lattice change (peak shift) can
be clearly observed. We employ single peak fitting of this LTO 222 reflection to understand
further the structural evolution of the LTO phase, with the results shown in Figures 7.13 and
7.14 for the LNMO//LTO and LNMO//AlF3-coated LTO batteries, respectively.

Figure 7.12 Contour plot of in operando NPD data of the LNMO//LTO battery (a) for the first
two cycles and (b) for the 51st cycle, and of the LNMO//AlF3-coated LTO battery (c) for the
first two cycles and (d) for the 51st cycle, with intensity (arb.) shown in colour with the scale
and corresponding voltage curve on the right. LTO 222 and LNMO 222, as well as NMO 111
reflections, are labelled.
The positional shift of the LTO 222 reflection during the 1st and 2nd cycle is shown in Figure
7.13a, and for the 51st cycle in Figure 7.13b. The positional shift is similar for the first and
second cycle, where during lithiation, the LTO 222 reflection shifts to lower 2θ, then to the
higher 2θ, indicating the LTO lattice first expands and then contracts. As the end of lithiation
is approached, the LTO 222 reflection shows a minor shift to lower 2θ before its final maximum
is reached at the charged state. This response is completely consistent with that previously
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reported, where during lithiation lithium is transferred from the 8a, through 32e, to the 16c
crystallographic sites, and the change in structure captured by the LTO 222 reflection position
corresponds to the changing population of lithium at these sites, in addition to the repositioning
of the O atom in response to lithiation of the 16c site.31, 257 In the 51st cycle, the behaviour of
the LTO 222 reflection is reproduced, except the transitions are less marked, suggesting some
decay of electrode function. Delithiation during discharge induces a relatively linear shift in
the LTO 222 reflection position to lower 2θ (expansion), as consistent again with previous
work and the known behaviour of the LTO electrode.31, 257

Figure 7.13 Results of single peak fitting of the LTO 222 reflection in NPD data of the
LNMO//LTO battery, including peak position and intensity for (a) the first two cycles, and (b)
the 51st cycle. Battery voltage and current are shown alongside.
The positional shift of the AlF3-coated LTO 222 reflection in the first and second cycles
(Figure 7.14a) shows a similar trend to that of the uncoated LTO, except the minor shift to
lower 2θ (expansion) before the end of lithiation is only barely observable. The position shift
of the AlF3-coated LTO 222 reflection reaches a maximum plateau before the end of lithiation,
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implying that the capacity of LTO in this battery has not been fully delivered.31 In the 51st
cycle (Figure 7.14b), the minor shift to lower 2θ, prior to the fully charged battery state,
observed in the 1st and 2nd charge for the uncoated LTO, is just beginning to appear for the
coated LTO. In contrast to the uncoated LTO, the position shift of the AlF3-coated LTO 222
reflection during delithiation exhibits two partially discernible stages for the 1st and 2nd
discharge, with this behaviour becoming more pronounced in the 51st discharge (Figure 7.14b).
The maximum difference in lattice parameter during the 1st, 2nd, and 51st cycle for the coated
and uncoated LTO was calculated from the positional shift of the LTO 222 reflection and is
shown in Table 7.4. These results clearly show that the AlF3 coating alongside the parasitic
doping of Al that occurs reduces the overall LTO lattice change during battery cycling.

Figure 7.14 Results of single peak fitting of the LTO 222 reflection in NPD data of the
LNMO//AlF3-LTO battery, including peak position and intensity for (a) the first two cycles,
and (b) the 51st cycle. Battery voltage and current are shown alongside.
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Table 7.4 Comparison of maximum change of the coated and uncoated LTO lattice parameter
in different cycles.
Maximum lattice parameter change of LTO and AlF3-coated
LTO in different cycles (%)
1st cycle

2nd cycle

51st cycle

Uncoated LTO

0.044(1)

0.042(1)

0.040(1)

AlF3-coated LTO anode

0.040(1)

0.037(1)

0.035(1)

The integrated intensity of the LTO 222 reflection is closely associated with the amount of
lithium residing at 8a and 16c, as well as the 32e, crystallographic sites, as well as the position
of the oxygen responding to the changing lithium concentration at these sites.257 The intensity
of this reflection for both coated and uncoated samples increases during lithiation. The
anomalous shift in the LTO 222 reflection position just before the maximum lithiated state is
mimicked by the reflection intensity, where a decrease followed by an increase just before its
maximum is observed. As consistent with the differences in the trend of the LTO 222 reflection
position between the uncoated and coated LTO, the intensity change just before maximum
lithiation is also more pronounced in the uncoated LTO, being hardly visible for the coated
LTO. The evolution of the LTO 222 reflection intensity also becomes less pronounced at the
51st cycle, particularly for the uncoated LTO. Similar to the evolution of the LTO 222 reflection
position during delithiation, the intensity evolution is more monotonic for the uncoated sample
and somewhat staged for the coated LTO in the 51st cycle.

200

Chapter 7
We note that in the AlF3-coated LTO it may be possible for Al3+ to migrate from the 16d site
occupied by the Ti to the 16c site normally occupied by Li+, resulting in different oxygen
repositioning known to occur for the undoped (uncoated) LTO. Such effects may contribute to
differences in both the LTO 222 reflection position and intensity evolution. The coherent
neutron-scattering length of Al is +3.4 fm, while that of Li is -1.9 fm. Hence, the migration of
Al to the 16c site is expected to reduce reflection intensity, consistent with a premature finish
of the lithiation, although it is difficult to disentangle this effect from that of the O repositioning.
A premature completion of lithiation due to Al migration may also explain the gradual
increasing capacity observed for the coated LTO-containing battery during cycling at 1 C in
the first 50 cycles (Figure 7.10c and 7.10d), where an activation process enabling full capacity
(∼175 mAh g-1) is correlated with the slight shift to lower 2θ (expansion) near the end of
lithiation (just observable in the 51st cycle for the coated LTO).
The evolution of LNMO counter electrode structure in the LNMO//LTO and LNMO//AlF3coated LTO batteries is also examined using a single-peak fitting of the LNMO 222 reflection
with results shown in Figure 7.15 and 7.16.
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Figure 7.15 Results of single peak fitting of the LNMO 222 reflection of NPD data for the
LNMO//LTO battery, including peak position and intensity, for (a) the first two cycles, and (b)
the 51st cycle. Battery voltage and current are also shown.

Figure 7.16 Results of single peak fitting of the LNMO 222 reflection of NPD data for the
LNMO//AlF3-LTO battery, including peak position and intensity, for (a) the first two cycles,
and (b) the 51st cycle. Battery voltage and current are also shown.
Our previous work31 revealed that Fd3̅m LNMO undergoes a solid solution reaction during the
redox Ni2+/Ni3+ reaction between 3.06 and 3.16V vs. LTO with a lattice change associated with
lithium extraction and insertion. In the present work, we quantify the rate of lithium extraction
from the LNMO during the initial charge process by the rate of change of the peak position (º
per min) extracted from the linear fitting of the time evolution of the LNMO 222 reflection
position (Figure 7.17 and 7.18), with the result given in Table 7.5.
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Figure 7.17 Result of the single peak fitting of the LNMO 222 reflection in NPD data of the
LNMO//LTO battery for (a) the first two cycles, and (b) the 51st cycle. Results of linear fitting
of the time evolution of LNMO 222 reflection position are shown overlaid with the position
data in red.
The LNMO delithiation rate in the LNMO//LTO battery remains nearly unchanged for 50
cycles, but increases gradually in the AlF3-coated LTO battery. This result implies that the AlF3
coating promotes faster lithium transport between the electrodes, possibly via protection by the
AlF3 of the LTO against both hydrofluoric acid and deposition of Mn known to be released by
the LNMO, a cause of capacity fade in graphite counter electrodes,440 and allowing the LNMO
to continue lithiation/delithiation unhindered on continued cycling.
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Figure 7.18 Result of the single peak fitting of the LNMO 222 reflection in NPD data of the
LNMO//AlF3-LTO battery for (a) the first two cycles, and (b) the 51st cycle. Results of linear
fitting of the time evolution of LNMO 222 reflection position are shown overlaid with the
position data in red.
We also note that the LNMO//AlF3-LTO battery, unlike the LNMO//LTO battery, exhibits a
capacity increase during cycling (see Figure 7.10c and 7.10d), which indicates an increased
availability of lithium to shuttle between the electrodes. Table 7.5 shows the maximal change
of the LNMO 222 reflection position at different cycles in the battery containing the coated
and uncoated LTO. The maximum positional change of the LNMO 222 reflection in the
LNMO//LTO battery decreases on cycling, while that in the LNMO//AlF3-LTO battery
increases during cycling, consistent with a higher reservoir of active lithium in the battery
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containing the coated LTO. Further, this result is also corroborated by the structural response
of the LTO lattice parameter, where the co-distribution of Li at 8a and 16c crystallographic
sites results in a lattice expansion followed by contraction during lithiation, and therefore a
lower maximal lattice change at a higher degree of lithiation,257 evidencing higher lithiation in
both electrodes in the battery containing the coated LTO.

Table 7.5 Corresponding rate of change and maximum position change in the counter electrode
LNMO 222 reflection position during the charging solid-solution-reaction stage when cycling.
Rate of peak position change in LNMO 222 reflection (o per min)
1st cycle

2nd cycle

51st cycle

LNMO//LTO

0.001330(9)

0.001340(9)

0.001300(7)

LNMO//AlF3-coated LTO

0.001200(7)

0.001370(9)

0.001440(1)

Maximum change in LNMO 222 reflection position (%)
1st cycle

2nd cycle

51st cycle

LNMO//LTO

0.0045(1)

0.0040(1)

0.0033(2)

LNMO//AlF3-coated LTO

0.0015(2)

0.0016(2)

0.0032(2)
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7.4 Conclusion
The effect of an AlF3 coating on LTO within an LTO//LNMO battery on the performance and
structural evolution of electrodes was investigated by a combination of electrochemical testing
and in operando neutron powder diffraction. The coating is found to cause the doping of
approximately 3% Al onto the 16c crystallographic site of the disordered LTO phase structure.
Our examination of the structural response of LTO and LNMO during battery cycling reveals
that the AlF3 coating alongside the induced parasitic doping of Al enhances the capacity of the
LTO, and suppresses capacity decay in the battery. We measure changes to the structural
response of the LTO and LNMO electrodes within the battery containing the coated LTO that
are consistent with greater availability of lithium, and an enhanced rate of lithium extraction
from the LNMO counter electrode during its solid-solution behaviour on the charge process.
This work demonstrates the feasibility of an LNMO//AlF3-coated LTO full battery, and our
study of the effect of the AlF3 coating within the full battery configuration reveals new insights
into the mechanism of battery performance enhancement.
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Chapter 8: Conclusion and future prospects
8.1 General conclusion
Next-generation high-energy-density LIBs are in urgent need to meet the requirements of
developing technologies, where cathode materials have been the bottleneck of the battery
energy density. Spinel LNMO is the most promising cathode candidate to replace current
commercial LiCoO2, due to its high operating voltage, high energy density, relatively low
fabrication cost, good thermal stability, etc. However, the rapid capacity decay hinders the wide
application and future commercialisation of LNMO spinel, where worldwide research focus
has been made to solve this recently.
This doctoral work systematically investigated the fundamental structure-function and
chemistry-function of the high-voltage LNMO spinel by using a series of cutting-edge
techniques, such as synchrotron-based XRPD, NPD, STEM, XAS, EPR, XPS, etc, including
in operando approaches within these methods. In addition, based on the acquired
structure/chemistry/function relationship, successful modifications from different aspects, i.e.
particle morphology control and material crystallographic engineering, have been proposed in
this thesis. The corresponding modified LNMO shows extraordinarily stable electrochemical
performance over long-term cycling, demonstrating its great promise in the near future.
Moreover, to further prompt its commercialization, studies regarding the LNMO//LTO full
batteries were also carried out, where the corresponding finds reveal new insights into the
mechanism of battery performance enhancement. A summary of the research outcomes in this
thesis is outlined in the following section.
In Chapter 4, we successfully prepared LNMO with different morphologies, among which the
hybrid sphere-nanorod-like micro-nanostructured LNMO possesses excellent cycling
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performance, with a capacity of over 107.8 mAh g-1 after 1000 cycles at 10 C and superior rate
capability up to 10 C. Its superior rate capability is found to originate from the large Li-O bond
length by Rietveld refinement, which contributes to decreased charge transfer resistance and
ease of Li insertion/extraction at tetrahedral sites. On the other hand, the excellent cycling
stability comes from reduced structural deformation during reaction, which involve the longest
solid-solution reaction, the highest spinel structural tolerance/stability up to Δ = ~0.69 Li, and
a highly reversible two-phase reaction during charge and discharge in the hybrid LNMO, as
revealed by in operando synchrotron-based X-ray powder diffraction. Moreover, the hybrid
LNMO exhibits new surface planes of (210) with the highest Mn defect formation energy,
prohibiting Mn3+ disproportionation and further stabilizing its cycling stability.
In Chapter 5, we proposed a site-selective doping strategy to dope Mg into Fd3̅m LNMO at
both 8a and 16c crystallographic sites through a facile solid-state reaction. It is found that Mg
dopants, selectively residing at 8a and 16c sites, change the way how LNMO responses to the
lithium intercalation and de-intercalation during charge-discharge processes. The addition of
Mg ions at such sites significantly prohibits the partially-irreversible two-phase behaviour of
LNMO, mitigates against the dissolution of transition metals, thus preventing the formation of
the undesirable rock-salt phase and reducing the Jahn-Teller distortion and voltage polarization,
consequently offering the extraordinary structure stability and cycling performance to LNMO.
The modified LNMO exhibits excellent extended-long-term electrochemical performance,
retaining ~86 % and ~87 % of initial capacity after 1500 cycles at 1 C and 2200 cycles at 10 C,
respectively, in half cell configuration.
Chapter 6 aimed to further improve the battery capacity and energy density, where site-accurate
structural engineering is proposed. Specifically, Sb dopants were introduced into the 16c and
16d site of the Fd3̅ m structure for the first time. The two-site modification of the spinel
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structure acts as structural pillars, contributing to superior structural stability. In addition, it
also significantly relieves the octahedral changes of Mn-containing octahedron during cycling,
which is caused by the valence evolution of Mn as a result of lithiation/delithiation. The
hazardous Mn dissolution, which is commonly observed in Mn-based cathodes, is also reduced
by the two-site modification. Accordingly, benefiting from these improvements, the Sb-doped
LNMO could deliver as high as 99% of its theoretical specific capacity together with a high
energy density of 668.9 Wh kg-1 at 1 C. Moreover, 87.6% (127.4 mAh g-1) and 86.5% (578.5
Wh kg-1) of its initial capacity and energy density could be maintained, respectively, after 1500
extended-long-term cycles.
Chapter 7 focused on the study of the LNMO//LTO full batteries, in which the effect of AlF3
coating on the LTO anode in the full batteries was investigated in detail. It is found that the
AlF3 coating along with parasitic Al doping slightly increases capacity and greatly increases
rate capability of the LTO electrode in the LNMO//LTO full batteries, as well as significantly
reducing capacity loss on cycling, facilitating a gradual increase in battery capacity during the
first 50 cycles. In operando neutron powder diffraction reveals a structural response of the LTO
and LNMO electrodes consistent with greater availability of lithium in the battery containing
AlF3-coated LTO. Further, the AlF3 coating increases the rate of the structural response of the
LNMO electrode during charge, suggesting faster delithiation, and enhanced Li diffusion.
These above-mentioned research provides valuable insights into the improvement of battery
performance achieved by the development of the LNMO material, and will prompt further
development of LNMO cathodes.
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8.2 Future prospects
This section is adapted from the article named “Developing high-voltage spinel
LiNi0.5Mn1.5O4 cathodes for high-energy-density lithium-ion batteries: current achievements
and future prospects” (by Gemeng Liang et al., J. Mater. Chem. A 2020, 8, 15373-15398)
with permission from the Royal Society of Chemistry.
Despite some advances of high-voltage LNMO material have been achieved in recent years,
there still exist some great challenges before its commercialisation, where more research
attention should be paid to in the future.
In half-cell configurations, the surface-chemical and bulk-structural instabilities of LNMO
result in its rapid capacity decay during the cycling process. Surface engineering is one of the
most effective methods to solve the transition metal dissolution issues and stabilize the particle
surface. It is noted that combining different types of coating materials to tailor the particle
surface properties from several aspects (such as electronic/ionic conductivity, resistance
against acid corrosion, etc.) is likely to become a trend in future surface modifications. On the
other hand, foreign-element doping is also a facile and powerful way to modify the physical
and chemical properties of LNMO. In investigating dopant selection, more attention should be
paid to the aspects of ionic-radius differences between dopants and substituted ions, dopant
valences, etc. Inter-grain stress and particle cracking usually occur in the two-phase region of
LNMO during electrochemical cycling, corresponding to the redox couple of Ni3+/Ni4+, which
results in structural instability and destroys the electrode integrity. A successful modification
example in the case of LiMn2O4 (LMO) with the same space group of Fd3̅m deserves more
attention,279 where the Li-doped LMO exhibits merely a solid-solution reaction during
charge/discharge rather than the combination of a solid-solution reaction and a two-phase
reaction in the undoped LMO. Accordingly, modifying the reaction mechanism of LNMO with
210

Chapter 8
a single solid-solution reaction during the electrochemical process seems quite feasible and
promising with the help of certain dopants. More efforts are still needed in this direction.
At the same time, it is also worth mentioning that the identification of the exact dopant locations
in the spinel structure is crucially important for battery researchers to understand the exact
working mechanism of dopants and to determine the contributions that dopants make during
the structural changes and phase transformations of LNMO. Meanwhile, we also note that more
characterization techniques need to be developed to support this subtle and profound research.
Additionally, it is also important to develop an electrolyte with superior stability even at high
electrochemical potentials. Special attention should be paid to the CEI layer formation
mechanism, which is complicated but crucial. With various electrolytes, the CEI can exhibit
significant variations or stable in both thickness and uniformity, with parts of the particle
surface exposed directly to the electrolyte. Further in-depth investigation of the relation of CEI
and electrolyte composition is urgently needed in the future. Last but not least, relieving LNMO
self-discharge will also become one of the future research directions for LNMO spinel.
Many other challenges occur when LNMO cathodes are coupled with other anodes, such as
graphite, LTO, TNO, etc. The LNMO//graphite full cell suffers from short battery life as a
result of the transition metal dissolution from the cathode side and subsequent deposition on
the anode side, continual SEI formation on the graphite anode, and the loss of electronic contact
from the current collector. LNMO//LTO full batteries have a longer service life but less energy
density compared to LNMO//graphite ones. The issue of LTO gassing during the cycling
process also causes safety issues and needs to be solved before commercialization.
LNMO//TNO full batteries feature a high energy density together with long battery life. More
attention is urgently needed to further explore this battery system and promote it for practical
application. The ideal anode material coupled with LNMO is thought to have a relatively high
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specific capacity and an operating voltage of approximately 0.5 V, which not only avoids the
issues of SEI and Li dendrite formation, but also contribute to the high output voltage and high
energy density of the full batteries, although it still needs more attention and exploration to
produce practical and satisfactory LNMO-containing full batteries. Moreover, when batteries
operate within the high-voltage range, safety issues including internal short circuit, gas
evolution, thermal runway, etc., should be investigated in detail, and be avoided with
corresponding solutions. Lastly, the degradation mechanism of full-cell batteries is
complicated. Further exploration of the degradation factors with solid evidence is urgently
needed. Based on these factors, the corresponding solutions can be rationed and adopted to
relieve the capacity decay of LNMO-containing full cells.
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